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Abstract 

Background:  The opportunistic pathogen Staphylococcus aureus is an asymptomatically carried member of the 
microbiome of about one third of the human population at any given point in time. Body sites known to harbor S. 
aureus are the skin, nasopharynx, and gut. In particular, the mechanisms allowing S. aureus to pass the gut epithelial 
barrier and to invade the bloodstream were so far poorly understood. Therefore, the objective of our present study 
was to investigate the extent to which genetic differences between enteric S. aureus isolates and isolates that caused 
serious bloodstream infections contribute to the likelihood of invasive disease.

Results:  Here, we present genome-wide association studies (GWAS) that compare the genome sequences of 69 S. 
aureus isolates from enteric carriage by healthy volunteers and 95 isolates from bloodstream infections. We comple‑
ment our GWAS results with a detailed characterization of the cellular and extracellular proteomes of the representa‑
tive gut and bloodstream isolates, and by assaying the virulence of these isolates with infection models based on 
human gut epithelial cells, human blood cells, and a small animal infection model. Intriguingly, our results show 
that enteric and bloodstream isolates with the same sequence type (ST1 or ST5) are very similar to each other at the 
genomic and proteomic levels. Nonetheless, bloodstream isolates are not necessarily associated with an invasive 
profile. Furthermore, we show that the main decisive factor preventing infection of gut epithelial cells in vitro is the 
presence of a tight barrier.

Conclusions:  Our data show that virulence is a highly variable trait, even within a single clone. Importantly, how‑
ever, there is no evidence that blood stream isolates possess a higher virulence potential than those from the enteric 
carriage. In fact, some gut isolates from healthy carriers were more virulent than bloodstream isolates. Based on our 
present observations, we propose that the integrity of the gut epithelial layer, rather than the pathogenic potential of 
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Background
Staphylococcus aureus is an omnipresent member of the 
human microbiome that is infamous for causing a broad 
range of potentially life-threatening infections and for 
its high capacity to acquire multi-drug resistance [40, 
64, 81]. This is critically underscored by the methicillin-
resistant S. aureus (MRSA) lineages that have emerged 
in hospitals and the community [39, 50, 51, 82]. Moreo-
ver, S. aureus is able to persist in the human host caus-
ing chronic recurrent infections [31, 64, 80]. Nonetheless, 
the microbiome of about one third of the human popula-
tion include S. aureus asymptomatically over prolonged 
periods of time [20, 21, 49, 65, 70, 85].

In view of the difficulties encountered in the treatment 
of staphylococcal infections, it is important to understand 
what factors determine the transition from asymptomatic 
colonizer to the invasive pathogen [6, 10, 52, 67, 70]. It is 
unknown to what extent this transition is explained by 
genetically derived variation in virulence potential between 
different S. aureus strains. Different epidemiological fea-
tures, adherence to the host’s skin and mucosa, as well as 
cross-talk with the host’s immune defenses are major ele-
ments in the pathogenicity of S. aureus [54, 70]. Moreover, 
the ability of S. aureus to hide in protective extra- or intra-
cellular niches is a key determinant for recurrent infections. 
Remarkably, S. aureus is even able to survive within phago-
cytic immune cells and it can use these as Trojan horses 
to reach, colonize, and invade different sites within the 
human body [31, 35, 37, 67, 76, 80, 90]. To do so, S. aureus 
has evolved a plethora of adaptive strategies, which allow 
this pathogen to overcome the physical, immunological, 
and chemical barriers imposed by the host and to become 
an integral member of the microbiota of many individuals 
[36, 77]. Conversely, the responses to invading staphylo-
cocci differ between sites within the host, depending on the 
integrity of primary epithelial or endothelial barriers and 
homeostasis of the microbiota [47, 62, 68, 76].

The most well-characterized S. aureus reservoirs in 
the human body are the nasal and oral cavities and the 
skin [34, 36, 54, 58, 85]. The eradication of S. aureus 
from these sites has become an effective element in the 
prevention of post-surgical wound, implant, and blood-
stream infections [3, 18]. However, in recent years, 
evidence has accumulated for the existence of gastro-
intestinal S. aureus reservoirs [2, 8, 20, 21, 67]. In fact, 
the frequency of S. aureus intestinal carriage in healthy 
individuals and patients may amount ∼25%, with higher 

prevalence during the early stages of life or in patients 
with skin and soft tissue infections [21]. Accordingly, 
intestinal S. aureus carriage was implicated as a potential 
player in the community- or hospital-acquired infections 
[8, 20, 21, 35, 71, 90].

The mechanisms that allow S. aureus to breach the gut 
barrier and to disseminate into the underlying tissues 
and the bloodstream remain poorly understood [67]. 
The main objective of the present study was to inves-
tigate the extent to which genetic differences between 
enteric S. aureus isolates and isolates that have caused 
serious bloodstream infections contribute to the like-
lihood of invasive disease. To this end, 69 gut isolates 
(GI) from a cohort of healthy individuals and 95 blood-
culture isolates (BI) from patients with bacteremia were 
characterized by whole-genome sequencing, and these 
data were analyzed using genome-wide association stud-
ies (GWAS). Subsequently, the cellular and extracellu-
lar proteomes of representative GI and BI isolates were 
investigated by mass spectrometry (MS) to distinguish 
potentially distinctive features in metabolic adapta-
tion or virulence. Lastly, the virulence potential of the 
selected GI and BI isolates was evaluated using infec-
tion models based on human gut epithelial cells, blood 
cells from healthy donors, and a small animal infection 
model. Intriguingly, our results show that GI and BI iso-
lates with the same sequence type (ST1 or ST5) are very 
similar to each other at the genomic and proteomic lev-
els. Nonetheless, this is not necessarily associated with 
an invasive profile. Furthermore, we show that the main 
decisive factor preventing infection of gut epithelial cells 
in  vitro is the presence of a tight barrier. Based on our 
present observations, we propose that the integrity of the 
gut epithelial layer, rather than the pathogenic potential 
of the investigated enteric S. aureus isolates, determines 
whether transiently carried or colonizing staphylococci 
will become invasive pathogens.

Methods
Sample collection and whole‑genome sequencing
Sixty-nine methicillin-susceptible S. aureus (MSSA) GI 
isolates were retrieved in a single-screening event from 
stool samples of 69 healthy volunteers from the Northern 
Netherlands participating in the LifeLines cohort study 
[75] (https://​www.​lifel​ines.​nl/). Ninety-five MSSA BI 
isolates were retrieved in the years 2014 and 2016–2018 
from blood cultures of 95 patients with puncture- or line 

the investigated enteric S. aureus isolates, determines whether staphylococci from the gut microbiome will become 
invasive pathogens.
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infection-related bacteremia at the University Medical 
Center Groningen (UMCG). Metadata concerning the 
respective patient characteristics was not retained based 
on medical-ethical considerations.

DNA extraction was performed with the DNeasy 
UltraClean microbial kit (Qiagen, Hilden, Germany). 
DNA concentrations were measured with a Qubit 2.0 
fluorometer (Life Technologies, Thermo Fisher Scientific, 
Waltham, MA). A pooled DNA library was prepared with 
the Nextera DNA Flex Library Prep kit, using 2 μL with 
100–500 ng of DNA for each isolate (Illumina, California, 
USA), in accordance with the manufacturer’s protocol. 
Sequencing was performed with the NextSeq platform 
(Illumina), generating 2 × 150-bp reads. Six selected 
strains were also sequenced using the MinION platform 
(Oxford Nanopore Technologies [ONT], Oxford, UK) 
and the Rapid Barcoding Sequencing kit (SQK-RBK004) 
and a FLO-MIN106 R9 flowcell (ONT). Base-calling was 
performed with Guppy v3.2.10 (ONT).

Bioinformatics for genome analysis
Reads were trimmed and assembled through Shovill 
v1.1.0 (with the trim option, https://​github.​com/​tseem​
ann/​shovi​ll) using Trimmomatic v0.39 and SPAdes 
v3.14.1 for trimming and assembly, respectively. The 
assemblies were annotated with Prokka v1.14.6. Variants 
were called through Snippy v4.6.0 (https://​github.​com/​
tseem​ann/​snippy) using as a reference the annotated S. 
aureus SBB155 genome (GenBank accession number 
LN854556). The default parameters were used (snippy_
multi) that assume a minimum number of reads covering 
a site of 10 reads, a minimum mapping quality of 60, and 
a minimum base quality of 13 (error probability ~ 5%). We 
constructed an approximate maximum likelihood phylog-
eny using FastTree v2.1.10 [66] assuming a general time 
reversible model after running Gubbins v2.4.1 [14] to 
remove recombination and SNP-sites v2.5.1 [61]. The tree 
was visualized with Microreact v178.0.0 [4]. Annotated 
assemblies were run through Roary v3.13.0 [60] with the 
option to not split paralogs to define the core and pange-
nomes. Piggy v1.5 [79] was used to analyze the inter-
genic regions (IGRs) of the genomes. To identify clusters 
based on the pangenome, we used Panini v1.7.1 [1] and 
Poppunk v2.4.0 using the DBSCAN model [42]. Micro-
react v178.0.0 [4] was used for visualization. ONT reads 
were demultiplexed and trimmed with Porechop v0.2.4 
(https://​github.​com/​rrwick/​Porec​hop). The Illumina and 
ONT reads were assembled using Unicycler v0.4.8-beta 
[86]. RAST v2.0 [5] was used for annotation of the hybrid 
assembled contigs.

We used three different approaches for the GWAS 
studies. In the first one, the results from Roary and Piggy 

were run through Scoary v1.6.16 [11] to identify genes 
or IGRs associated with the two different traits (carriage 
versus infection). Scoary is a tool to find associations 
between the presence or absence of pan-genome genes/
IGRs and a certain phenotype or trait [11]. P values were 
corrected for multiple comparisons using the Bonferroni 
correction and were considered significant if P < 0.05. 
These results were also validated using the linear fixed 
effects model implemented in Pyseer v1.3.9 [41], while 
controlling for population structure using a mash dis-
tance matrix. In the second approach, the SNPs (core.vcf ) 
identified through Snippy in the approach mentioned 
above were run through Pyseer v1.3.9 [41] to find SNPs 
associated with traits. The association between each SNP 
with the phenotype was tested controlling for popula-
tion structure (based on a kinship matrix K produced 
by using the similarity_pyseer –vcf script in Pyseer and 
the core.vcf generated by Snippy) using the linear-mixed 
model (LMM) implemented in Pyseer [41]. We chose the 
LMM model because, in exchange for reduced power 
when compared to the fixed model or the elastic net 
model, the LMM offers the best control of false positives 
[43]. For genetic variants covering the entire pangenome 
(third approach), we used unitigs instead of k-mers, since 
the former has been shown to reduce redundancy [32]. 
To call and count unitigs, we used unitig-counter v1.1.0 ( 
[32],https://​github.​com/​johnl​ees/​unitig-​count​er). After-
wards, the association between each unitig and the phe-
notype (carriage versus infection) was performed in the 
same way as for SNPs. P values for both approaches were 
considered significant if P was smaller than α/np, where 
α = 0.05 and np is the number of (SNPs or unitigs) pat-
terns observed. The results were visualized in Rstudio 
v1.4.1106 using the ggplot2, dplyr, tidyverse, ggrepel, and 
ggtext packages.

Bacterial cultivation
Six representative S. aureus BI and GI isolates with 
ST1 (denoted BI-ST1-8, GI-ST1-7, and GI-ST1-9) or 
ST5 (denoted BI-ST5-1, GI-ST5-4, GI-ST5-6) were 
characterized by MS-based analyses of the cellular and 
extracellular proteomes and infection experiments. 
To monitor infection by flow cytometry or fluores-
cence microscopy, these S. aureus isolates were trans-
formed with plasmid pJL-sar-GFP_redopt-cm in order 
to express the green fluorescent protein (GFP; [68]. 
The resulting strains were grown overnight at 37  °C 
in tryptic soy broth (TSB; OXOID, Basingstoke, UK) 
under constant shaking (250  rpm). Chloramphenicol 
(10  µg·mL−1) was added to prevent the possible loss 
of pJL-sar-GFP_redopt-cm. The overnight cultures 
were used to inoculate pre-cultures and, subsequently, 
main cultures in Roswell Park Memorial Institute 1640 
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medium (RPMI) (Gibco, New York), as detailed in the 
following sections. In the present studies, the RPMI 
medium was invariably supplemented with 2  mM 
L-glutamine (Thermo Fisher Scientific, Waltham, USA).

Sample preparation for MS/MS analysis of proteome samples
S. aureus strains were grown overnight at 37 °C in TSB 
under vigorous shaking (250  rpm). The cultures were 
then diluted into 25 mL pre-warmed RPMI medium to 
an optical density at 600  nm (OD600) of 0.1 and culti-
vation was continued at 37  °C under vigorous shaking 
(115 rpm) in a water bath. At an OD600 of ~ 0.5, cultures 
with exponentially growing bacteria were diluted into 
100  mL of fresh pre-warmed RPMI medium to a final 
OD600 of 0.1. The bacterial cultivation was continued 
until an OD600 of ~ 1.2 was reached, which corresponds 
to the stationary growth phase. The bacterial cells were 
then separated from the growth medium by centrifuga-
tion. For analysis of the extracellular proteome, proteins 
in the growth medium were enriched by primed affin-
ity bead purification with StrataClean beads (Agilent, 
Santa Clara, USA) and subsequently eluted from the 
beads by polyacrylamide gel electrophoresis (PAGE) 
using 4–20% Criterion TGX gels (Bio-Rad, Feldkirchen, 
Germany) [9]. For analysis of the cellular proteome, the 
collected cells were washed once with TE buffer (10 mM 
Tris, 5 mM EDTA, pH7.5). Subsequently, the cells were 
resuspended in TE buffer and disrupted with glass beads 
using a Precellys24 bead beater (Bertin Technologies, 
Montigny-le-Bretonneux, France). Lastly, cellular debris 
was removed by centrifugation and the cellular proteins 
in the supernatant fraction were collected and purified 
by PAGE using 4–20% criterion TGX gels.

Following PAGE with a 1-cm separating distance for 
extracellular proteins and a complete separation for cel-
lular samples, proteins were in-gel digested with trypsin 
(Promega, Madison, USA) and prepared for MS/MS ac 
[9]. Briefly, gel lanes were cut resulting in one or ten gel 
pieces per sample for extracellular or cellular proteins, 
respectively. Gel pieces were sliced into smaller blocks 
and transferred into low-binding tubes where samples 
were destained and dried in a vacuum centrifuge before 
being covered with trypsin solution. Digestion was car-
ried out at 37 °C overnight before peptides were eluted 
in water by ultrasonication. The peptide-containing 
supernatant was transferred into a fresh tube and des-
iccated in a vacuum centrifuge. The peptides were then 
resolubilized in 0.1% (v/v) acetic acid for MS analyses.

MS/MS analysis of proteome samples
Tryptic peptides were separated with an EASY-nLC II 
liquid chromatography (LC) system (Thermo Fisher 

Scientific, Waltham, Massashussets, USA) using self-
packed analytical columns (OD  360  μm, ID  100  μm, 
length  20  cm) filled with 3-µm diameter C18 particles 
(Dr. Maisch, Ammerbuch-Entringen, Germany). The 
peptides were eluted using a binary nonlinear gradient 
of 5–99% acetonitrile in 0.1% acetic acid over 151 min 
(secreted proteins) or 76 min (cellular proteins) with a 
flow rate of 300  nL/min. Subsequently, peptides were 
subjected to electrospray ionization-based MS/MS with 
an LTQ Orbitrap XL (Thermo Fisher Scientific) to iden-
tify secreted proteins or with an LTQ Orbitrap (Thermo 
Fisher Scientific) to identify cellular proteins. After 
a survey scan at a resolution of 30,000 in the Orbit-
rap using lockmass correction, the five most abundant 
precursor ions were selected for fragmentation. Singly 
charged ions, as well as ions without detected charge 
states, were not selected for MS/MS analysis. Collision-
induced dissociation fragmentation was performed for 
30 ms with a normalized collision energy of 35, and the 
fragment ions were recorded in the linear ion trap.

MS data analysis
The raw MS data for extracellular and cellular proteins 
were processed separately using MaxQuant v1.6.17.0 
[83, 84]. Database searches were performed against 
a non-redundant database of all unique proteins of S. 
aureus isolates containing 10,771 entries with common 
contaminants and reserve entries added by MaxQuant. 
The non-redundant database was created by combin-
ing all proteins of all isolates and subsequent removal 
of the redundant proteins. A BLAST search against the 
UniProt database [78] was done to add UniProt IDs to 
proteins if the E value was < 10E − 09. The maximum 
number of allowed missed cleavages was 2, and pre-
cursor mass tolerance was set to 4.5 ppm. Methionine 
oxidation and acetylation (protein N-termini) were set 
as variable modifications for both datasets. A match 
between runs was applied, and protein abundances 
were calculated based on label-free quantification 
intensities (LFQ) using the MaxLFQ algorithm [13]. 
Identified protein groups were analyzed with Perseus 
v1.6.14.0 [83, 84]. A protein was only considered for 
further analysis if a minimum of two unique peptides 
per protein was identified and if the protein was quan-
tified in at least two out of three biological replicates.

Prediction of protein localization, biological processes, 
and molecular functions
Prediction of the subcellular localization of proteins 
that were identified by LC–MS/MS was performed 
using the GP4 Gram Positive Protein Prediction Pipe-
line [23]. Gene annotations and functional categories 



Page 5 of 23Raineri et al. Microbiome          (2022) 10:239 	

were assigned using TIGRfam (v 15.0) and the Aure-
oWiki database [16]. Voronoi treemaps to link quanti-
tative proteomics data and functional categories were 
created using the Paver software v2.1 (DECODON, 
Greifswald, Germany) [45]. Proteins were assigned to 
regulons using the RegPrecise 3.0 database, the SEED 
database, and the AureoWiki database [16, 55, 56, 59]. 
Additionally, cellular proteins were assigned to meta-
bolic pathways using the SEED database and the Aure-
oWiki database [16, 51, 59, 63].

Statistical analyses
Individual proteins identified by MS were considered as 
differentially expressed if their LFQ intensities showed a 
fold change of |0.8|, and the P value was < 0.01 as assessed 
by ANOVA. Significant differences in the log2-trans-
formed LFQ intensities per sequence type (ST5 versus 
ST1) or isolation site (GI versus BI) were assessed by Stu-
dent’s t tests and subsequent Holm-Sidak, Bonferroni-
Dunn, and Sidak-Bonferroni corrections to adjust the P 
values using GraphPad Prism v8. (GraphPad Software, 
San Diego, CA, USA). In this case, a P value < 0.05 was 
considered significant.

To investigate the relationships between the S. aureus 
isolates in terms of their extracellular and cellular proteome 
profiles, principal component analysis (PCA) and graphical 
representation in heatmaps were performed using ClustVis 
[53]. To visualize differences in identified virulence factors, 
extracellular cytoplasmic proteins (ECPs), and metabolic 
pathways, heatmaps were created using GraphPad Prism v8 
(GraphPad Software). Venn diagrams were drawn using the 
web-based tool “InteractiVenn” [27].

Caco2 infection experiments and flow cytometry
The human colon adenocarcinoma cell line Caco2 
(ATCC) was cultured in Dulbeco’s modified Eagle’s 
medium (DMEM; Thermo Scientific, Waltham, MA, 
USA), supplemented with 10% fetal bovine serum (FBS; 
Sigma-Aldrich, St. Louis, MO, USA) and 1% nonessential 
amino acids (NEAA; Life Technologies, Carlsbad, CA, 
USA), using T75 flasks (TPP, Switzerland). The medium 
was changed every 48 h. In all experiments, Caco2 cells 
between passages 10 and 25 were used.

For infection experiments, Caco2 cells were seeded in 
24-well plates (Greiner, Germany) at a density of 200,000 
cells per well and cultured for 84 h prior to infection. The 
numbers of cells were counted prior to infection with S. 
aureus. A multiplicity of infection (MOI) of 30 was used 
for all internalization experiments. The bacterial master 
mix for infection was prepared from stationary growing 
S. aureus cells in RPMI (OD600 of 1.2) and resuspended in 
Caco2 culture media. The bacterial master mix was added 
to the Caco2 cells, and subsequently, the infected cells were 

incubated for 3  h (37  °C, 5% CO2). Two sets of samples 
were collected. To analyze all cells that contained either 
attached or internalized bacteria or that were not infected, 
a first set of samples was collected immediately after infec-
tion and the cells were then fixed with 4% formaldehyde 
for 15 min at room temperature and resuspended in phos-
phate-buffered saline (PBS). To analyze only the cells that 
contained internalized bacteria or that were not infected, 
for the second set of samples, the medium was removed 
and replaced with Caco2 media containing 25 µg·mL−1 of 
lysostaphin (AMBI Products, New York). Incubation was 
then continued for 30  min to eliminate all non-internal-
ized bacteria bound to the Caco2 surface. The cells were 
then fixed with 4% formaldehyde for 15 min at room tem-
perature and resuspended in PBS.

The numbers of Caco2 cells were counted by flow 
cytometry. To this end, the cells were treated with 
trypsin–EDTA (Thermo Fisher Scientific, the Nether-
lands) during a 10-min incubation at 37  °C, 5% CO2. 
Counting of the infected Caco2 cells was then performed 
with a Cytoflex S flow cytometer (Beckman Coulter, 
Woerden, the Netherlands) by excitation of GFP with a 
488-nm laser and detection at 525/40  nm. Analysis of 
the flow cytometry data was performed using Kaluza 
Analysis Software (Beckman Coulter, Woerden, The 
Netherlands). A gating strategy was applied to distin-
guish healthy cells from cellular debris. Distributions and 
median-mean values of 20,000 cells were thus obtained. 
The relative numbers of infected Caco2 cells were 
expressed as the percentage of GFP-positive cells com-
pared to the uninfected control cells.

To investigate the influence of tight junctions between 
the Caco2 cells on bacterial internalization, a third set 
of samples was included in the analyses where the tight 
junctions were disrupted by treatment of the cells with 
EGTA (Sigma-Aldrich, St. Louis, Missouri, USA). In this 
case, the Caco2 cells were seeded under the same condi-
tions as detailed above, but incubated with 5 mM EGTA 
for 45  min in a calcium-free DMEM medium prior to 
infection. Subsequently, the cells were infected under 
the same conditions as above, but with a master mix of 
S. aureus in calcium-free DMEM medium supplemented 
with 10% fetal bovine serum and 1% non-essential amino 
acids. For flow cytometry, the medium was removed and 
replaced with DMEM medium containing 25  µg·mL−1 
of lysostaphin. Incubation was continued for 30  min to 
eliminate non-internalized bacteria bound to the Caco2 
surface. The cells were then fixed with 4% formaldehyde 
for 15 min at room temperature and resuspended in PBS.

Fluorescence microscopy of infected Caco2 cells
Immunofluorescence microscopy was performed using 
a Leica TCS SP8 Confocal laser scanning microscope 
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(Leica Microsystems, Wetzlar, Germany). Caco2 cells 
were seeded under the same conditions as described 
above, but in this case on top of round coverslips with 
a diameter of 13  mm #1.5 (Thermo Fisher Scientific, 
Waltham, USA). Coverslips with infected or uninfected 
cells were collected at different time points and fixed 
with 4% formaldehyde for 15 min at room temperature. 
Subsequently, the cells were permeabilized, and blocked 
to avoid non-specific antibody binding, by incubation 
for 20  min at room temperature with 0.5% Tween-20 
in PBS, followed by overnight incubation at 4  °C with 
2% BSA and 5% neutral goat serum in PBS. Additional 
blocking was performed by incubation with 12  µg/ml 
of the human monoclonal antibody 6D4 [29], diluted in 
the same blocking solution, for 2 h at room temperature 
in a humidified chamber. Tight junction proteins were 
immunostained to visualize their expression and distri-
bution inside the cells by confocal microscopy. The fixa-
tion, permeabilization, and blocking procedures were 
carried out as described above. Subsequently, cells were 
incubated for 1 h at room temperature with a polyclonal 
rabbit primary antibody against the tight junction protein 
zonula occludens-1 (ZO-1; Life Technologies, NY, USA) 
at a dilution of 1:100. The bound antibody was visual-
ized by incubation for 1 h with a secondary donkey anti-
rabbit antibody conjugated with Alexa Fluor 647 (Life 
technologies, NY, USA) at a 1:500 dilution. Lastly, DNA 
was stained with 4′,6-diamidino2-phenylindole (DAPI; 
Roche, Switzerland). The slides were mounted with 
Mowiol 4–88 (Merk Millipore,USA) and stored at − 20 °C 
until microscopic visualization. Image processing was 
performed using FIJI (https://​fiji.​sc/).

Blood cell infection experiments and flow cytometry
The blood was collected from healthy volunteers in hir-
udin-coated tubes (S-Monovette, Sarstedt), and the red 
blood cells were lysed using ammonium chloride lysis 
buffer (NH4Cl 8.3 g/L, KHCO3 1.0 g/L, disodium EDTA 
dihydrate 37 mg/L, UMCG hospital pharmacy). For every 
100 µL of the blood, 1 mL of the lysis buffer was added. 
The mixture was incubated for 5  min by gentle shaking 
on ice and followed by centrifugation (5  min, 1000 rcf, 
4 °C). These two steps were repeated once to obtain a pel-
let of purified immune cells, which was resuspended in 
the RPMI medium. Subsequently, the number of blood 
cells was counted (by flow cytometry and by cell counter) 
and a MOI of 15 was used for all infection experiments. 
A bacterial master mix for infection was prepared from 
the main culture of S. aureus cells grown to the station-
ary phase (OD600 of 1.2) in RPMI. The bacterial master 
mix was added to the blood cells, and the infected cells 
were incubated for 30 min (37 °C, 5% CO2). Afterwards, 

25  µg·mL−1 of lysostaphin was added to the samples to 
eliminate non-internalized bacteria bound to the blood 
cells’ surface and incubation was continued for 30  min 
(37  °C, 5% CO2). The cells were then fixed with 4% for-
maldehyde for 15  min at room temperature and resus-
pended in PBS (Gibco Waltham, Massachusetts, USA). 
The number of blood cells was measured by flow cytom-
etry. For this purpose, samples were collected in tripli-
cate and counting of infected blood cells was performed 
with a BD LSR-II flow cytometer (BD biosciences, USA) 
by excitation of GFP with a 488-nm laser and detec-
tion at 530/30  nm. For the analysis, 30,000 events per 
sample were counted and the data were analyzed with 
Kaluza Analysis Software (Beckman Coulter, Woerden, 
the Netherlands). A gating strategy was applied to dis-
tinguish monocytes and granulocytes from lymphocytes 
and debris. The relative number of infected blood cells 
was expressed as the percentage of living cells post-infec-
tion (p.i.) compared to the control sample with unin-
fected cells. Additionally, the relative number of infected 
granulocytes (GFP-positive or -negative) was expressed 
as the percentage of living cells p.i. compared to the con-
trol sample with uninfected cells.

Assessment of S. aureus virulence in a Galleria mellonella 
larval infection model
G. mellonella larvae in their final instar stage (Frits Kui-
per, Groningen, The Netherlands) were maintained on 
wood chips in the dark and used within 7 days of receipt. 
Larvae of ~ 250  mg in weight and 2  cm in length were 
employed in all assays. Fifteen randomly selected larvae 
were used for assessing the virulence of each investigated 
S. aureus isolate, with each infection experiment being 
repeated at least 3 times. Before inoculation of the larvae, 
S. aureus cells were harvested in the exponential growth 
phase (OD600 of 0.4) from a culture in RPMI. An insulin 
pen (HumaPen LUXURA® HD, Indianapolis, USA) was 
used to inject 10-μL aliquots of a diluted bacterial sus-
pension (1 × 108 CFU/mL) in PBS into the hemocoel via 
the last pro-leg. Two control groups were used. In the 
first control group, larvae were injected with 10 μL of 
PBS to monitor the impact of physical trauma. The sec-
ond control group did not receive any treatment (control 
of general viability). After injection, the larvae were kept 
in Petri dishes without nutrition in the dark at 37 °C, and 
mortality was monitored at 24 h, 48 h, 72 h, and 96 h p.i. 
Larvae were considered dead if they displayed no move-
ment in response to touch. The statistical significance 
of differences in the killing of G. mellonella larvae by S. 
aureus was assessed by a Gehan-Breslow-Wilcoxon test 
where a P < 0.05 was considered significant.

https://fiji.sc/


Page 7 of 23Raineri et al. Microbiome          (2022) 10:239 	

Results
Strain characterization by whole‑genome sequencing, 
pangenome, phylogenetic reconstruction, and GWAS
The selected 95 S. aureus BI isolates and the 69 GI iso-
lates were analyzed by whole-genome sequencing, show-
ing that these isolates belonged to various STs. The 15 
most commonly observed STs were similar for the BI 
and GI isolates, showing no significant differences (Sup-
plementary Figure S 1 A). Among the BI isolates, the STs 
5, 8, and 30 (9.47% each) were the most abundant STs, 
whereas the STs 15 and 45 (11.59% each) were most 
abundant among the GI isolates.

The number of resistance genes per sequenced isolate 
was low (average 0.87) with blaZ being most frequently 
represented with 5 different variants (Supplementary 
Figure S  2 B). The average number of identified viru-
lence genes per strain was 62 (Supplementary Figure 
S  2 C). Twenty-six isolates were tsst-1 positive, and only 
one strain carried the lukF-PV and lukS-PV genes for 
the Panton-Valentine leukocidin. No significant differ-
ences between carriage versus bacteremia isolates were 
observed. The pangenome of the entire dataset from 164 
S. aureus isolates comprised 5535 unique genes. These 
included 1976 core genes represented in all genomes, 

consistent with prior core genome estimations [44]. As 
shown in Fig. 1, the pangenome analysis was in accordance 
with the core genome clustering, representing several well-
defined clonal complexes (CC) of S. aureus. These lineages 
were also identified using the annotation- and alignment-
free PopPunk methodology that relies on variable-length-
k-mer comparisons ([42]; Supplementary Figure S  2 A). 
Furthermore, the topology of the tree in Fig. 1 reflects the 
known population structure of S. aureus [15, 46, 87]. The 
BI isolates were dispersed throughout the tree, which is 
in accordance with the notion that invasive staphylococ-
cal disease can arise from multiple genetic backgrounds. 
Interestingly, we detected no significant association 
between traits and genes using Scoary and Pyseer. This 
supports the idea that the genetic content of each S. aureus 
isolate (at least the core) is sufficient for the carriage and 
infection traits [46]. To further assess variations in the 
entire pangenome content, including intergenic regions, 
we performed an analysis using IGRs, SNPs, and unitigs. 
However, based on the results summarized in Supplemen-
tary Figure S 1, we conclude that the few suggested asso-
ciations are insignificant or related to assembly artifacts. 
No unitigs were found to be significantly associated with 
carriage or infection.

Fig. 1  Phylogeny of the 164 BI and GI study isolates. The approximate maximum likelihood phylogeny of the study isolates and the reference 
strain is shown on the left. Leaves are colored by sequence type as defined in the central legend. The inner ring indicates the isolate source (blue 
BI, yellow GI), and the outer ring indicates the identified clonal complexes. The arrows indicate the position in the phylogeny of the six isolates 
that were selected for proteome analyses. The tree and metadata can be found in https://​micro​react.​org/​proje​ct/​5KbM9​pyLS5​gwpih​FXi5n​cV-​raine​
ri-​et-​al-​2022. Clusters shown on the right are based on the pangenome analysis and were identified with Panini v1.7.1 [1] and Poppunk v2.4.0. using 
the DBSCAN model

https://microreact.org/project/5KbM9pyLS5gwpihFXi5ncV-raineri-et-al-2022
https://microreact.org/project/5KbM9pyLS5gwpihFXi5ncV-raineri-et-al-2022
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Extracellular proteome analyses
Following the genome analysis of the strains, we asked the 
question whether the extracellular proteomes of represent-
ative GI and BI S. aureus isolates would show any informa-
tive variations that could be related to enteric carriage or 
infection because the exoproteome is the main reservoir 
of staphylococcal virulence factors [72]. To this end, we 
selected isolates belonging to CC1 and CC5, because such 
isolates were frequently encountered among the character-
ized GI and BI isolates (Fig.  1; Supplementary Table  1A) 
and because of the global importance of the respective 
CC’s. Among the CC1 and CC5 isolates, we selected iso-
lates with the most common spa types, which were t127 for 
CC1 and t002 for CC5. The selected S. aureus strains were 
cultured in RPMI medium until stationary phase (OD600 of 
approximately 1.2), and the proteins in the growth medium 
were subsequently identified and quantified by MS. RPMI 
medium was used, because we have previously shown that 
the global transcript profiles of bacteria grown in human 
plasma or RPMI are highly similar [48]. Furthermore, extra-
cellular proteins were collected in the stationary phase, 
because the majority of virulence factors are produced dur-
ing this growth phase [57]. Interestingly, as shown by LDS-
PAGE, the banding patterns of extracellular proteins and 
their relative intensities were distinct, even for isolates with 
the same sequence type (ST1 or ST5) (Supplementary Fig-
ure S 4 A).

Specifically, the MS analysis of the extracellular pro-
teome identified a total number of 894 proteins, of which 
234 proteins were shared between all strains (Supple-
mentary Figure S 3 A). The ST5 isolates shared 264 extra-
cellular proteins amongst each other, whereas the ST1 
isolates shared 431 extracellular proteins (Supplementary 
Figure S  3 B). Furthermore, the BI isolates shared 283 
extracellular proteins amongst each other, and the GI iso-
lates 330 (Supplementary Figure S 3 C). The numbers of 
uniquely identified extracellular proteins also varied for 
the different strains, irrespective of the sequence type, or 
site of isolation (Supplementary Figure S 3).

For all identified extracellular proteins, we verified the 
predicted subcellular localization using the “Gram Posi-
tive Protein Prediction Pipeline” GP4 [23]. This revealed 

that the largest number of identified proteins belong to 
the so-called class of extracellular cytoplasmic proteins 
(ECPs), which lack known targeting signals for export 
from the cytoplasm (Fig.  2A). The number of ECPs 
was lowest for the BI-ST5-1 isolate and highest for the 
GI-ST1-9 isolate. The number of extracellular proteins 
with predicted signal peptides for export via the gen-
eral secretory (Sec) pathway was around 50 per isolate 
with a total protein number of 75 signal peptide-bearing 
extracellular proteins being identified for all investigated 
isolates. These included 29 predicted lipoproteins and 
12 predicted cell wall-associated proteins. Additionally, 
4 proteins were predicted to reside at multiple subcel-
lular locations. The high numbers of ECPs identified for 
the investigated S. aureus strains is in accordance with 
other extracellular proteome studies, which showed that 
the bacterial “exoproteome” may contain an extensive 
amount of ECPs [22, 28, 88, 89]. Several identified ECPs 
belong to the class of “moonlighting proteins” with dis-
tinct roles at multiple cellular and extracellular locations, 
including motility, biofilm formation, host invasion, 
immunomodulation, and platelet aggregation (Supple-
mentary Fig. 4 C) [22, 28].

A principal component analysis (PCA) based on the 
LFQ intensities of identified extracellular proteins was 
performed to elucidate the extracellular proteome rela-
tionships among the investigated isolates with different 
STs and sites of isolation (Fig. 2B). This revealed a high 
degree of heterogeneity between the isolates, even if they 
had the same sequence type or were collected from the 
same site of isolation. Furthermore, the isolates BI-ST5-
1, BI-ST1-8, and GI-ST5-4 clustered together, as was the 
case for the GI-ST5-6 and GI-ST1-9 isolates, whereas 
the GI-ST1-7 isolate was the most distinct in terms of 
identified extracellular proteins. To further compare 
the strains, we generated a heatmap based on the LFQ 
intensities of the identified extracellular proteins, which 
further highlights the expression heterogeneity observed 
for the different proteins, which was independent of the 
sequence type or isolation site (Fig. 2D).

Our proteome analysis identified 47 proteins that play 
known roles in the virulence of S. aureus. The relative 

(See figure on next page.)
Fig. 2  S. aureus isolates display high extracellular proteome heterogeneity independently from sequence type or isolation site. A Numbers of 
identified extracellular proteins of the six investigated S. aureus isolates and their predicted subcellular locations. For all identified extracellular 
proteins of the investigated strains, the subcellular locations were predicted bioinformatically with GP4 [23]. B Principal component analysis (PCA) 
based on the LFQ intensities of identified extracellular proteins. The PCA analysis was performed on the identified extracellular proteins of all 
six S. aureus study isolates. Of note, each strain is presented with the 3 replicates separately and the PCA with the averaged values is presented 
as Supplementary Figure S 4. Note that the small numbers above each data point refer to the respective replicate measurement. C Extracellular 
virulence factors of the six investigated S. aureus isolates as identified by proteomics. A total number of 47 virulence factors was identified. 
Color-coded bars represent the identified proteins and their relative abundance based on the LFQ intensities. *Statistically significant differences 
in the LFQ intensity of the proteins as assessed ANOVA p < 0.01. Please note that SSL4, SSL7, and SSL11 are listed several times due to significant 
differences in the respective amino acid sequences. D Heat map based on the LFQ intensities of identified extracellular proteins. Of note, the data 
for each strain are presented as the average of three replicates. The respective data are presented in Supplementary Table S 1
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Fig. 2  (See legend on previous page.)
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abundance of these proteins per strain is presented in 
a heatmap (Fig.  2C), and this analysis revealed that the 
expression of these virulence factors is quite heterogene-
ous when considering the strains of the same sequence 
type or from the same isolation site. In fact, only sixteen 
core virulence factors are expressed by all the investi-
gated strains. The remaining virulence factors show a het-
erogeneous expression pattern, which is strain-specific. 
Of note, the presence of the genes for all 47 identified 
virulence factors was verified using the whole-genome 
sequences of the six study isolates, which showed that 
45 of these genes are present in all the six isolates, while 
some isolates lack the cna (BI-ST5-1, GI-ST5-4, GI-ST5-
6) and/or the chp genes (GI-ST5-6, GI-ST1-9) (Sup-
plementary Fig.  2 D). The identified virulence factors 
include proteins with roles in iron acquisition and adhe-
sion to human host cells (IsdB, IsdC IsdE, IsdH), proteins 
belonging to the “microbial surface components recog-
nizing adhesive matrix molecules” (MSCRAMM) family 
(ClfB, CNA, EbpS, Emp, Fib, FnbB, Map, and SpA) and 
sortase enzymes (SrtA and SrtB). Other identified viru-
lence factors are secreted proteins that serve to disrupt 
host cells and promote spreading, including exoenzymes 
(Aur, Coa, Lip1, Lip2, Sak, vWpb), proteases (SspA and 
SspP), and exotoxins (EntA, Hla, Hld, HlgA, HlgB, HlgC, 
LukDv, LukEv, SA1812, SA1813, SEA, SElX, SSL11, 
SSL13, SSL4, SSL5, and SSL7). We also identified proteins 
which are implicated in the evasion of innate or adap-
tive immune responses of the host (CHIPS, FLIPr, IsaB, 
Nuc, Sbi, SAOUHSC_01115, SCIN) and a membrane-
associated protein of the Type VII secretion system 
(EsaA). Interestingly, one bloodstream isolate (BI-ST1-8) 
secreted more known virulence factors compared to the 
other isolates, while one gut isolate (GI-ST1-9) appar-
ently secreted the lowest number of known virulence 
factors in comparison to the other isolates. When com-
paring the secreted virulence factors per sequence type 
of the isolates, we observed that some virulence factors 
(collagen-binding protein “CNA” and the von Willebrand 
binding protein “vWpb”) were present only in the isolates 
with ST1. On the other hand, the ST5 isolates secreted 
the staphylococcal α-toxin Hla, which was not identified 
for the ST1 isolates. None of the extracellular proteins 
was identified exclusively in gut or bacteremia isolates.

To determine the overall extracellular proteome func-
tions of the six investigated S. aureus isolates, we used 
the TIGRfam and Aureowiki annotations for the func-
tional classification of the 894 identified proteins [16, 
24]. To this end, the proteins were divided into seven 
top-level functional categories and sixteen sub-level 
functional categories, as shown in so-called Voronoi 
treemaps (Fig.  3A, B). In these treemaps, the func-
tional categories are marked in color code and the size 

of the cells is proportional to the number of identified 
proteins belonging to the respective category. For the 
top-level functional categories, the most representative 
group is composed of proteins with roles in “metabo-
lism” (31.1%), while the remaining groups include 
proteins involved in “genetic information and process-
ing” (26.6%), “cellular processes” (6.8%), “cell struc-
ture” (4.80%), “signal transduction” (4.1%), “phages, 
prophages, transposable elements, and plasmids” (0.45%) 
and proteins with unknown function (26.1%) (Fig.  3A). 
Additionally, the identified extracellular proteins of the 
six investigated S. aureus isolates were compared either 
by grouping the strains per sequence type (ST5 versus 
ST1) or per isolation site (GI versus BI). In the respec-
tive Voronoi treemaps, each protein is represented by 
a polygon-shaped tile and its relative abundance is pre-
sented based on the log2-transformed LFQ intensities 
per sequence type (ST5 vs ST1) (Fig.  3C) or isolation 
site (BI vs GI) (Fig.  3D). Overall, when comparing the 
identified extracellular proteins per sequence type (ST5 
versus ST1) or isolation site (GI versus BI), the proteins 
belonging to the top-level and the sub-level functional 
categories do not show significant differences or particu-
lar trends. Furthermore, we inspected the unique “ON/
OFF” extracellular proteins, which were present (“ON”) 
in all replicates of one group or absent (“OFF”) from all 
replicates of the other group. These proteins are Hla, 
Cna, CysS, GatD, HchA, PepT, PnpA, Vwbp, Ssl11, and 
SAOUHSC_ (01110, 00094, 00422, 00555, 00603, 01594, 
01987, 02447) when comparing the identified proteins 
per sequence type (i.e., “ON” in ST5/ “OFF” in ST1). The 
“ON/OFF” proteins compared per isolation site were 
BlaR1 and BlaZ (“ON” in BI/ “OFF” in GI).

Cellular proteome analyses
Following the genomic and extracellular proteome char-
acterizations of the six selected S. aureus study isolates, 
we investigated to what extent their cellular proteomes 
differ. To this end, the strains were cultivated in RPMI 
medium until the stationary phase (OD600 of approxi-
mately 1.2). Subsequently, the cells were separated from 
the growth medium by centrifugation, and the cellu-
lar proteins were extracted and identified by MS. This 
resulted in the identification of 1235 proteins in total, 
with 610 proteins shared by all isolates (Fig.  4A and 
Supplementary Figure S 5 A). In particular, the ST5 iso-
lates shared 735 cellular proteins, while the ST1 isolates 
shared 708 proteins (Supplementary Figure S  5 B). Fur-
ther, the BI isolates shared 700 proteins, and the gut iso-
lates shared 638 proteins (Supplementary Figure S 5 C). 
Different numbers of unique cellular proteins were iden-
tified for each isolate, irrespective of sequence type or 
isolation site (Supplementary Figure S 5).
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A PCA based on the LFQ intensities of identified cel-
lular proteins was performed to elucidate possible dif-
ferences between isolates with different sequence types 
or isolation sites (Fig.  4B). This revealed heterogene-
ity between isolates with the same sequence type as 
the three respective ST1 or ST5 isolates did not cluster 
together. The same phenomenon was observed when the 
comparison was done per isolation site. In particular, the 
GI-ST5-4, GI-ST5-6, and BI-ST1-8 isolates cluster next to 
each other in the PCA, while the BI-ST5-1 and GI-ST1-9 
isolates form another cluster and the GI-ST1-7 isolate is 

distantly positioned in the PCA space. The conclusion 
that the different isolates are heterogeneous irrespective 
of sequence type or isolation site is also evident from the 
heatmap with LFQ intensities of the identified cellular 
proteins (Fig. 4C).

The overall cellular proteome functions of the six inves-
tigated S. aureus isolates were evaluated using the TIGR-
fam and Aureowiki annotations for the 1235 identified 
proteins [16, 24]. This allowed the distinction of seven 
top-level and eighteen sub-level functional categories, 
as shown by Voronoi treemaps where they are marked 

Fig. 3  Functional categories and relative abundance of identified extracellular proteins of the investigated S. aureus strains. Voronoi treemaps 
representing the “top-level functions” (TIGRfam level 1) (A) and “sub-level functions” (TIGRfam level 2) (B). The different functional categories are 
marked in different colors, and the size of each functional category is proportional to the number of identified proteins with the respective function 
(A and B). Each protein is represented by a polygon-shaped tile, and its relative amount was assessed based on ratios of the log2-transformed LFQ 
intensity values per sequence type (ST5/ST1) (C) or per site of isolation (BI/GI) (D). Significant differences in the log2-transformed LFQ intensities 
per sequence type (ST5/ST1) or per isolation site (BI/GI) were assessed by multiple t tests and subsequent Holm-Sidak, Bonferroni-Dunn, and 
Sidak-Bonferroni corrections to adjust the P values. Of note, no statistically significant differences were detectable
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in color-coded cells that are proportional in size to the 
number of identified proteins (Fig. 5A, B. The most rep-
resentative top-level functional group includes proteins 
with roles in “metabolism” (37.8%, while the following 
groups include proteins involved in “genetic informa-
tion and processing” (24.8%; “signal transduction” (6.0%; 
“cellular processes” (5.9%; “cell structure” (4.9%; “phages, 
prophages, transposable elements, and plasmids” (0.3%; 
and proteins with unknown function (20% (Fig.  5A). 
Overall, when comparing identified cellular proteins per 
sequence type (ST5 versus ST1) or isolation site (GI ver-
sus BI), these proteins belonging to the top-level and the 
sub-level functional categories do not show significant 
differences or particular trends (Fig. 5C, D). Additionally, 
we compared the relative quantities of identified cellular 
proteins per sequence type (ST5 versus ST1), revealing 
merely 10 proteins with statistically significant increased 
abundance in ST5 isolates (Dat, FarR, RecA, SA1975.1, 
RbsK, D7S40_10290, SAV2523, AroA, AroA_1, and 
GlyA). More importantly, a comparison per isolation site 

(BI versus GI) revealed no statistically significant differ-
ences in cellular protein abundance between GI and BI 
isolates. We also inspected the unique “ON/OFF” pro-
teins, which included the SfaD, YutE, RplS, FumC, and 
Pgi proteins in comparisons per sequence type (“ON” in 
ST5/ “OFF” in ST1). On the other hand, in comparisons 
of identified cellular proteins per isolation site (BI versus 
GI), no unique “ON/OFF” proteins were identified.

S. aureus is well known for its great adaptability to dif-
ferent environments by responding to different stimuli. 
To this end, the bacterium makes use of a range of tran-
scriptional regulators that determine the expression of 
virulence factors and/or particular metabolic pathways 
[33, 74]. Here, it should be noted that many staphylococ-
cal genes are actually controlled by multiple regulators. 
To appreciate the observed differences in protein abun-
dance, we also prepared Voronoi treemaps and heatmaps 
in which the charted proteins are attributed to the known 
staphylococcal regulons (Supplementary Figure S  4 and 
S 6) [55, 56]. In particular, to detect potential metabolic 

Fig. 4  Cellular proteome heterogeneity in the investigated S. aureus isolates. A Numbers of identified cellular proteins of the six investigated S. 
aureus isolates. B Principal component analysis (PCA) based on the LFQ intensities of identified cellular proteins. The PCA analysis was performed 
on the identified cellular proteins of all six S. aureus isolates. The PCA with averaged values is presented in Supplementary Figure S 6. Note that the 
small numbers above each data point refer to the respective replicate measurement. C Heat map based on the LFQ intensities of identified cellular 
proteins. The data for each strain are based on three independent replicates. The respective data are presented in Supplementary Table S 2
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adaptations in the six S. aureus isolates in relation to 
their epidemiology, we categorized the identified proteins 
according to their involvement in different metabolic 
pathways, e.g., central carbon metabolism, amino acid 
metabolism, alternative carbon sources, and respiration 
as previously described (Palma [51, 63]. The central car-
bon metabolism, gluconeogenesis, the pentose phosphate 
pathway, and the tricarboxylic acid (TCA) pathway are 
essential for S. aureus both outside and within host cells 
[19]; Palma [63]. Additionally, S. aureus may have to com-
pete for nutrients when interacting with the human host, 

which forces S. aureus to use amino acids as carbon and 
nitrogen sources [25], Palma [63], or alternative carbon 
sources, such as glycerol. Intracellularly, basic cellular 
functions of S. aureus, relating to oxidative phosphoryla-
tion, were previously shown to be adjusted based on the 
availability of oxygen, leading to the employment of alter-
native metabolic pathways like fermentation [17]. How-
ever, as evidenced by the heatmaps of log2-transformed 
LFQ intensities (Supplementary Figure S 6 B), we did not 
detect any significant distinctive metabolic adaptations 
by comparing the cellular proteins per sequence type 

Fig. 5  Functional categories and relative abundance of identified cellular proteins of the investigated S. aureus strains. Voronoi treemaps 
representing the “top-level functions” (TIGRfam level 1) (A) and “sub-level functions” (TIGRfam level 2) (B). The different functional categories 
are marked in different colors, and the size of each functional category is proportional to the number of identified proteins with the respective 
functions (A and B). Each protein is represented by a polygon-shaped tile, and its relative amount was assessed based on the log2-transformed 
LFQ intensity values per sequence type (ST5/ST1) (C) or per isolation site (BI/GI) (D) ratios as exported from MaxQuant. Significant differences in 
the log2-transformed LFQ intensities per sequence type (ST5/ST1) or per isolation site (BI/GI) were assessed by multiple t tests and subsequent 
Holm-Sidak, Bonferroni-Dunn, and Sidak-Bonferroni corrections to adjust the P values. Of note, no statistically significant differences were detectable
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(ST5 versus ST1) or isolation site (BI versus GI). This 
implies that, from a metabolic perspective, the behavior 
of the different GI and BI isolates was comparable upon 
growth in the RPMI medium. Importantly, this conclu-
sion is fully supported by analyzing the cellular protein 
abundances per regulon, revealing no statistically signifi-
cant differences for particular regulons per sequence type 
or site of isolation (Supplementary Figure S 6 C and D). 
Likewise, no statistically significant differences for par-
ticular regulons were detectable per sequence type or 
site of isolation upon regulon-based stratification of the 
identified extracellular proteins (Supplementary Figure 
S 4 D).

Since no systematic differences could be observed 
between BI and GI isolates in terms of protein expression 
in vitro, we asked the question of whether some of these 
strains would display different virulence profiles upon 
infection of human cells. For this purpose, we compared 
their infectious behavior in human gut epithelial cells and 
blood cells.

Infection of Caco2 gut epithelial cells
To date, little is known about possible interactions 
between enteric S. aureus bacteria and gut epithelial cells, 
which are likely to be decisive for the transition from the 
gut-resident to the pathogenic state of this bacterium 
[67]. Therefore, we established an infection model that 
is based on monolayers of Caco2 enterocytes, which are 
simple columnar epithelial cells that line the inner surface 
of the small and large intestines. Prior to infection, the 
Caco2 cells were seeded in 24-well plates at a density of 
200,000 cells per well and cultured for 84 h prior to infec-
tion. This seeding condition was monitored over time by 
confocal fluorescence microscopy, showing the presence 
of a monolayer of cells with tight junctions as visualized 
with antibodies against the ZO-1 protein. Importantly, 
the Caco2 cells formed monolayers with tight cell–cell 
junctions at the cellular contact sites (Fig. 6A), mimick-
ing a closed epithelial barrier. Caco2 monolayers were 
infected with the different S. aureus BI and GI isolates 
for 3 h at a MOI of 30 (Fig. 6C, D), followed by a 30-min 

incubation with lysostaphin to eliminate non-internal-
ized bacteria. As shown by flow cytometry, only very few 
bacteria invaded the Caco2 cells, with GFP + Caco2 cells 
ranging between 4 and 10% (Fig.  6E). Since the Caco2 
cell invasion appeared quite homogenous, but low com-
pared to previously investigated endothelial and lung epi-
thelial cell infection models, [62, 63, 68], we investigated 
whether these low infection levels could be due to a rela-
tively high percentage of bacteria adhering to the cells. 
To this end, we performed infection experiments where 
the non-internalized bacteria were not eliminated with 
lysostaphin, revealing a high percentage of GFP + Caco2 
that ranged from ∼35 to 60% (Fig. 6F). The isolates show-
ing the highest Caco2 cell adherence and invasion were 
the bloodstream isolate BI-ST5-1 and the gut isolate 
GI-ST5-6. The remaining four isolates showed compara-
ble adhesion to and invasion of Caco2 cells, irrespective 
of their isolation site or sequence type. This suggested 
that the tight barrier formed by the Caco2 cells might set 
a limit to infection. To test this idea, a third Caco2 infec-
tion model was established, which mimics a disrupted 
and subsequently regenerated gut barrier. In this model, 
the cell–cell junctions of a Caco2 monolayer were tem-
porarily disrupted by a 45-min treatment with EGTA in 
the absence of calcium (Fig.  6B). Importantly, follow-
ing the removal of the EGTA, the tight junctions started 
to be restored after 1 h (Fig. 6C) and after 3 h, the tight 
junctions were almost completely restored (Fig. 6D). To 
evaluate the importance of an intact barrier for Caco2 
cell infection, we treated the cells with EGTA for 45 min, 
removed the EGTA by washing, and performed an infec-
tion experiment for 3 h. Indeed, following this procedure, 
we observed a steep increase in the number of bacteria 
internalized by the Caco2 cells, with GFP + Caco2 cells 
ranging from ∼35 to 70% (Fig.  6G). The low percent-
age of GFP + infected Caco2 cells in the monolayer with 
intact tight junctions (Fig. 6H) compared to the disrupted 
monolayer after EGTA treatment (F ig. 6I) was also visu-
alized by confocal fluorescence microscopy. Together, 
these findings demonstrate the importance of a tightly 
closed monolayer of Caco2 cells in preventing S. aureus 

(See figure on next page.)
Fig. 6  Infection of Caco2 cells by S. aureus in the presence or absence of cell–cell junctions. Caco2 cells were seeded in 24-well plates at a density 
of 200,000 cells per well and cultured for 84 h prior infection. A Confocal fluorescence microscopy images of a Caco2 monolayer stained with 
antibodies specific for ZO-1 (red) and DAPI (blue). Scale bar: 50 µm. B Disruption of Caco2 cell–cell junctions by treatment for 45 min with EGTA 
in calcium-free media. C Start of tight junction restoration after EGTA treatment and 1 h incubation in a calcium-free medium and (D) complete 
restoration of tight junctions after 3 h in a calcium-free medium. E, F, G Infection of the Caco2 monolayer or the EGTA-disrupted Caco2 monolayer 
upon 3 h infection with GFP-expressing S. aureus. The percentage of living cells (compared to the uninfected control) that resulted in GFP + or 
GFP − cells after infection was measured by flow cytometry. GFP + Caco2 indicates the proportion of the cell population with GFP-expressing S. 
aureus and GFP − indicates the population that remained uninfected. F Bacterial adherence was measured immediately upon infection in the 
absence of lysostaphin and, accordingly, GFP + cells represent both adherent and intracellular bacteria. E, G Upon removal of extracellular bacteria 
by a 30-min incubation with lysostaphin only intracellular bacteria remain detectable. H, I Confocal fluorescence microscopy images of Caco2 cells 
in a closed monolayer (H) and upon EGTA treatment (I). Cells were stained with an antibody specific for ZO-1 (red) and DAPI (blue). GFP-expressing 
S. aureus are represented in green. Scale bar: 50 µm
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Fig. 6  (See legend on previous page.)
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infection, whereas disrupted cell–cell junctions in the 
monolayer permit the bacteria to readily enter these gut 
epithelial cells.

Leukocyte killing and intracellular survival
To gain further insights into the virulence of the six S. 
aureus study isolates once they have entered the blood-
stream, we established a model that mimics the interac-
tions between S. aureus and blood cells. To this end, we 
focused our analysis on leukocytes, which are among 
the first responders once infecting bacteria reach the 
bloodstream. Moreover, these cells are also present in 
different human tissues as, for example, the mucosal 
gut epithelium and the gut lamina propria. The six S. 
aureus isolates were cultured until the stationary phase 
(OD600 of approximately 1.2) and used to infect blood 
cells collected from healthy volunteers at a MOI of 15. 
Of note, prior to infection the red blood cells were lysed 
and removed. Specifically, the bacteria were allowed to 
interact with the blood cells for 30  min and, thereafter, 
non-internalized bacteria were eliminated by a 30-min 
incubation with lysostaphin. Then, the proportion of 
live blood cells was assessed by flow cytometry (Fig.  7 
and Supplementary Figure S  7). As expected, compared 
to the uninfected control, the percentage of living blood 
cells decreased upon infection (Fig.  7A). Interestingly, 
in terms of blood cell killing (around 20 to 30% kill-
ing), we observed no difference between the two BI iso-
lates (BI-ST5-1 and BI-ST1-8) and two of the GI isolates 
(GI-ST5-6 and GI-ST1-9). Moreover, the gut isolates 
GI-ST5-4 and GI-ST1-7 showed around 40 to 50% killing 
of blood cells, which means that they are more virulent 
than the two bacteremia isolates. Of note, these num-
bers take into account the killing of both monocytes and 
granulocytes by the infecting bacteria. To assess possible 
differences in bacterial internalization and intracellular 
survival in granulocytes, we also measured the percent-
age of GFP + granulocytes and GFP − granulocytes after 
infection (Fig. 7B). The granulocyte population is mainly 
composed of neutrophils which, in the human body, 
continuously migrate through the tissues and are the 
first responders to bacterial infection. Specifically, the 
GFP + granulocytes represent those granulocytes that 
contain intracellular GFP-expressing S. aureus, while 
the GFP-negative granulocytes do not contain bacteria. 
Infection with one of the BI isolates (BI-ST1-8) led to the 
highest percentage of GFP + granulocytes, whereas the 
lowest percentage of GFP + granulocytes was observed 
for the GI isolates GI-ST5-4 and GI-ST1-7. Altogether, 
we conclude that the investigated isolates show differing 
infectious behavior towards human leukocytes that can-
not be correlated with their site of isolation or sequence 
type. Importantly, these observations show that the 

bacteremia isolates are not necessarily more virulent 
than the enteric isolates, and they imply that GI isolates 
may be more pathogenic than isolates that had actually 
caused an invasive infection in patients.

Infection of Galleria mellonella larvae
To complement the above infection experiments with 
human gut epithelial and blood cells with a small animal 
in vivo model, we infected larvae of the wax moth G. mel-
lonella with the six S. aureus study isolates. Notably, the 
G. mellonella model adheres to the principles of replace-
ment, reduction, and refinement (“3Rs”) and potentially 
reduces the numbers of vertebrates used for experimen-
tal infection studies. In this infection model, the bacteria 
are challenged primarily by the innate immune system 
of the larvae. The S. aureus isolates were cultivated until 
the stationary phase (OD600 of approximately 1.2), and 
10 μL of aliquots of each bacterial isolate (1 × 108 CFU/
ml) was used to inoculate 45 larvae. The % mortality of 
G. mellonella was subsequently assessed at 24  h, 48  h, 
72 h, and 96 h p.i. As shown in Fig. 7C, the different S. 
aureus isolates displayed heterogeneity in larval killing 
that could not be correlated with their site of isolation or 
sequence type (Fig. 7C). In fact, infection with the two BI 
isolates BI-ST5-1 and BI-ST1-8 resulted in a comparable 
larval killing as was observed for the two enteric isolates 
GI-ST5-6 and GI-ST1-7, whereas the enteric isolates 
GI-ST5-4 and GI-ST5-9 were less virulent in larval infec-
tions. This finding was conserved over most time points 
p.i., although the bacteremia isolates tended to be slightly 
more virulent in the first 24 h p.i. (Fig. 7C). On the other 
hand, the isolate that caused the highest larval mortality 
at 96  h p.i. was the gut isolate GI-ST5-6. Therefore, we 
conclude that, also in the G. mellonella infection model, 
the virulence of our six study isolates cannot be corre-
lated to their site of isolation or sequence type.

Discussion
S. aureus is a frequent member of the human micro-
biome, as well as a notorious causative agent of blood-
stream infections. As such, the diversity occurring within 
this bacterial species has been studied over many years 
and at a global scale. Initially, this involved the typing of 
S. aureus isolates based on phages, pulsed-field gel elec-
trophoresis banding patterns, multiple variable tandem 
repeats in the spa gene and different loci as detectable 
by PCR and/or sequencing, or sequence typing based 
on variations in particular house-keeping genes at dif-
ferent genomic loci [12, 69]. In recent years, these clas-
sical approaches were increasingly complemented with 
whole-genome sequence-based approaches, which pro-
vided deeper insights, not only into the staphylococcal 
epidemiology and lines of transmission, but also into 
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the evolution of the bacterium following mutation and 
horizontal gene transfer [26]. These whole-genome com-
parisons have been instrumental in understanding the 
emergence and global spread of antibiotic resistance, 
and the potential roles of mobile genetic elements in 

virulence. However, they provide relatively little insight 
into the expression of genes at a genome-wide scale and 
the actual virulence properties presented by individual 
isolates. Thus, even though nowadays, there is a vast 
compendium of well-characterized S. aureus lineages of 

Fig. 7  S. aureus infection of human leukocytes and larvae of Galleria mellonella. A Leukocyte infection with the six S. aureus study isolates. To 
investigate the bacterial virulence and intracellular survival after infection of leukocytes, the course of infection was followed by flow cytometry. Per 
experiment, the percentage of living cells post-infection was measured compared to the uninfected control. B Living GFP + and GFP − granulocytes 
following S. aureus infection. GFP + granulocytes indicate the portion of the granulocyte population containing intracellular GFP-expressing S. 
aureus, and GFP − indicates the population that remained uninfected. Cells were infected with S. aureus for 30 min and subsequently incubated 
for 30 min with lysostaphin to remove non-internalized bacteria. C Virulence profile of the six S. aureus study isolates in G. mellonella. To investigate 
their virulence, three independent G. mellonella infection experiments were performed. Per experiment, each strain was used to inoculate 15 G. 
mellonella larvae (45 larvae/strain in total). Each individual larva was inoculated with 10 μl aliquots of a diluted bacterial suspension (1 × 10.8 CFU/
ml) of the respective S. aureus strain. Larval killing was assessed at 24, 48, 72, and 96 h post-inoculation. All values are the mean ± the standard 
deviation of the three independent infection experiments. Statistical significance of observed differences in virulence between the six S. aureus 
study strains as assessed using a Gehan-Breslow-Wilcoxon test. *P < 0.03; **P < 0.002; ***P < 0.0002; ****P < 0.0001
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which we know the genetic composition down to the sin-
gle-base level, and it still remains difficult to predict viru-
lence across different staphylococcal lineages. Clearly, 
being able to predict virulence based on the genome 
sequence would be immensely important from the per-
spective of infection prevention and, indeed, a pioneering 
study by Laabei et al. managed to predict the virulence of 
90 individual MRSA isolates with ST329 based on their 
genome sequence [38]. Nonetheless, this becomes more 
difficult for genetically more distant staphylococcal iso-
lates. Consequently, the simple question whether the vir-
ulence of, for instance, bacteremia isolates from patients 
is significantly different from that of colonization or 
carriage isolates that never caused a noticeable invasive 
infection in their host was so far still unanswered.

In the present study, we addressed the question 
whether it would be possible to pinpoint enteric S. aureus 
isolates with a high propensity for causing invasive dis-
ease based on particular genomic signatures. To this 
end, we compared enteric S. aureus isolates from healthy 
human volunteers with blood culture isolates from hospi-
talized patients with bacteremia. Importantly, our study 
was based on healthy volunteers and patients from the 
Northern Netherlands, which represent a fairly geneti-
cally homogenous population [75] (https://​www.​lifel​ines.​
nl/). Nonetheless, as shown by whole-genome analyses, 
the collected S. aureus isolates showed substantial diver-
sity, with the isolates belonging to more than 45 different 
STs. Furthermore, our SNP and unitig analyses revealed 
no systematic differences between bacteremia and enteric 
isolates, neither across all sequenced isolates, nor within 
subgroups of the same sequence type. This also applied 
to the repertoires of virulence factors and antimicrobial 
resistance genes, although at this level variations between 
individual isolates were detectable, which is consistent 
with results from previous large-scale genome analyses of 
S. aureus. This suggested that there may be no distinctive 
genomic signatures that separate isolates from the blood-
stream and the human gut. This was an unexpected out-
come that prompted us to further characterize particular 
isolates from different sites of isolation and sequence 
type by proteomics and virulence assays.

In recent years, several genomic- and proteomic-based 
studies on larger groups of S. aureus clinical isolates have 
shown that isolates classified as highly similar based on 
genomic signatures may actually present different behav-
ior in terms of virulence and metabolic adaptations [7, 50, 
57, 89]. In particular, the first proteomic study on a col-
lection of 25 clinical isolates from one hospital revealed 
high exoproteome heterogeneity due to genomic plastic-
ity and differences in transcriptional and post-transcrip-
tional regulation [91]. Yet, these isolates were shown to 
belong to eleven different sequence types, suggesting that 

the exoproteome variations could relate to the genetic 
diversity of the investigated S. aureus isolates. This view 
was essentially confirmed by a follow-up study on S. 
aureus isolates with the spa-type t437 which, despite the 
common spa-type, represented a genetically heterogene-
ous population displaying high exoproteome heteroge-
neity and different pathogenicity [89]. On the contrary, 
when a homogenous population of USA300 isolates from 
Denmark was analyzed by comparative genome and pro-
teome analyses, the identified exoproteomes of different 
isolates were much more similar, though not identical. In 
fact, based on the differences in the exoproteomes and 
cellular proteomes of these USA300 isolates, it was pos-
sible to distinguish hospital- and community-associated 
MRSA isolates with distinctive metabolic adaptations 
[50, 51]. Likewise, distinct proteomic signatures allowed 
the separation of livestock and human-originated S. 
aureus ST398 isolates [88]. These observations are fully 
in line with the notion that particular clonal lineages with 
enhanced pathogenic potential exist, as underscored by 
the PVL-positive S. aureus ST80 or the S. aureus ST8 
(USA300) ACME + lineages [46, 87]. Together, these pre-
vious studies showed that integrated genomic and pro-
teomic analyses can be applied to distinguish groups of 
genetically closely related clinical S. aureus isolates with 
distinct virulence and epidemiological behavior. In turn, 
this raised the question whether such an approach could 
separate related S. aureus isolates from the gut or the 
bloodstream or, vice versa, group isolates from the same 
site of isolation.

Interestingly, our present study shows that the car-
riage and invasive behaviors of the investigated S. aureus 
isolates with ST1 or ST5 can neither be separated by 
genomic nor by proteomic signatures. In fact, our obser-
vations show that enteric isolates can be more virulent 
than bloodstream isolates and vice versa depending on 
the infection model. Additionally, our results show that 
the S. aureus post-infection events are heterogeneous 
and dependent on the host cell type. The here-reported 
differences in infection rates for different host cell types 
are actually in accordance with previously documented 
studies that show major differences in S. aureus infec-
tion of different phagocytic or non-phagocytic cells [30, 
73, 76]. Importantly, this is also fully in line with studies 
showing that the rates of S. aureus infections in humans 
depend also on genetic predispositions, the state of 
the immune system, and other factors, such as gender, 
age, ethnicity, and medical history   [54, 67, 70]. One of 
the decisive factors for invasive staphylococcal disease 
seems to be barrier disruption. In our present study, we 
show that gut epithelial cells with an intact barrier were 
barely infected by S. aureus isolates, irrespective of their 
site of isolation. Only when the cell–cell junctions were 

https://www.lifelines.nl/
https://www.lifelines.nl/
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disrupted significant invasive behavior was observed, but 
also in this case with minor differences in infection rates 
observed for the different study isolates.

Lastly, it should be noted that the S. aureus GI isolates 
characterized in our present study were obtained in a single 
screening event from stool samples of healthy volunteers. 
Consequently, we cannot be absolutely certain whether 
these S. aureus isolates represented genuine gut coloniz-
ers or transiently carried enteric isolates. For instance, it is 
conceivable that staphylococci isolated from stool samples 
originated from nasal or rectal colonization sites. However, 
irrespective of this possibility, our results show that the 
investigated S. aureus GI isolates have a potential for viru-
lence similar to that of the BI isolates and that a breach of 
the epithelial cell barrier will provide a facile port of entry 
for colonizing or carried S. aureus bacteria.

Conclusions
To conclude, here, we show for the first time that S. 
aureus isolates from the human gut microbiome and 
bloodstream isolates with the same sequence type show 
no particular signatures at the genomic and proteomic 
levels that are indicative of a different propensity to 
cause invasive disease. On the other hand, we show that 
passage of the gut epithelial layer by enteric isolates or 
blood isolates is strongly dependent on a disrupted bar-
rier function. These findings are consistent with the view 
that S. aureus is an opportunistic pathogen and that the 
likelihood of invasive staphylococcal disease is directly 
depending on the integrity of barriers imposed by epi-
thelial and endothelial layers as well as the underlying 
immune defenses.
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Additional file 1. Figure S1: (A) The 15 most common STs found in the S. 
aureus BI and GI isolates collections. (B) Association analysis of IGRs identi‑
fied by Piggy and with traits based on Scoary and Pyseer. Using the Scoary 
algorithm, three IGRs were associated with bacteremia, while five were 
associated with carriage. However, seven of these IGRs were found at the 
edge of contigs, and one was positioned between two tRNA-encoding 
genes. We therefore performed the same analysis with Pyseer, using the 
output from Piggy. This yielded the same results, but in this case five IGRs 
were tagged with the error ‘bad-chisq’, meaning the χ2 test was invalid 
and, accordingly, these IGRs were discarded from the analysis. Since there 
are many tRNAs copies encoded by S. aureus genomes, we conclude 
that this association is most likely an assembly artefact caused by the 
repetitive nature of tRNA genes. (C and D) Association analysis of SNPs and 
unitigs with S. aureus bacteremia versus enteric isolates. Manhattan plots 
showing the ‘significant association’ (-log10 P-values) for (C) individual 
SNPs (significance level 2.80E-06), and (D) individual unitigs (significance 
level 2.14E-07). Cutoffs for significance are shown by red (C) and blue (D) 
lines. In accordance with the results from the association analysis of IGRs, 
no significant associations were identified by applying the SNP and unitig 
approaches with Pyseer. Six SNPs were associated with the carriage trait 
(OR=0.23), but these were tagged with the error ‘bad-chisq’ and, therefore, 

they were discarded from the analysis. The remaining two SNPs were asso‑
ciated with carriage and had an h2=0.372. However, these were located 
at a recombination site.

Additional file 2. Figure S2: (A) Cytoscape network view of the S. aureus 
study isolates using the DBSCAN fit. Nodes (coloured dots) represent 
samples and edges (lines) represent the pairwise distances classified as 
within-strain. The nodes are coloured by clonal complexes according to 
the tree in Figure 1. Resistance and virulence genes of the 218 BI and GI 
study isolates (B and C). (B) Resistance genes per strain as identified with 
Abricate using the ResFinder database. Each row represents a strain and 
in green are depicted the positive strains. The dashed line separates infec‑
tion isolates (above) from enteric isolates (below). (C) Virulence genes per 
strain as identified with Abricate using the vfdb database. Each row rep‑
resents a strain and in blue are depicted the identified genes. The dashed 
line separates infection isolates (above) from enteric isolates (below). The 
heatmap on the right depicts the numbers of virulence genes identified 
for each strain. (D) Virulence factors identified by whole-genome sequenc‑
ing of the six S. aureus BI and GI isolates used for proteome analyses and 
infection experiments. Please note that SSL4, SSL7, and SSL11 are listed 
several times due to significant differences in the respective amino acid 
sequences. Black boxes mark the presence of a particular virulence factor 
and open boxes mark their absence.

Additional file 3. Figure S3: Venn diagrams showing the numbers of 
common and unique extracellular proteins of the six S. aureus BI and GI 
isolates selected for proteome analyses. The numbers on top of each data 
point refer to the last number of the strain name. (A) Total number of iden‑
tified extracellular proteins. Common and uniquely identified extracellular 
proteins per S. aureus sequence type (B) or per isolation site (C).

Additional file 4. Figure S4: (A) LDS-PAGE analysis of the exoproteome 
profiles of the six S. aureus strains selected for proteome analyses. (B) Prin‑
cipal component analysis (PCA) based on the LFQ intensities of identified 
extracellular proteins. The PCA analysis is based on the averaged values of 
the 3 replicates per strain. (C) ECPs and ‘moonlighting proteins’ of the six S. 
aureus BI and GI study isolates. Color-coded bars represent the identified 
proteins and their relative abundance based on LFQ intensities. *Statisti‑
cally significant differences in the LFQ intensities of the proteins assessed 
by ANOVA (P<0.01). (D) Voronoi treemap representation of S. aureus 
cellular protein levels grouped by regulons. Each protein is represented by 
a polygon-shaped tile and its relative amount was assessed based on the 
log2-transformed LFQ intensity values per sequence type (ST5/ST1) or per 
isolation site (BI/GI) as exported from MaxQuant. Significant differences 
in the log2-transformed LFQ intensities per sequence type (ST5/ST1) or 
isolation site (BI/GI) were assessed by multiple t-tests and subsequent 
Holm-Sidak, Bonferroni-Dunn and Sidak-Bonferroni corrections to adjust 
the P-values. No significant differences were detected.

Additional file 5. Figure S5: Venn diagrams showing the numbers of 
common and uniquely identified cellular proteins of the six S. aureus BI 
and GI study isolates selected for proteome analyses. (A) Total numbers 
of identified cellular proteins. Common and uniquely identified cellular 
proteins per S. aureus sequence type (B) or per isolation site (C).

Additional file 6. Figure S6: (A) Principal component analysis (PCA) 
based on the LFQ intensities of identified cellular proteins. The numbers 
on top of each data point refer to the last number of the strain name. 
The PCA analysis is based on the averaged values of the three replicates 
per strain. (B) Assignment of identified proteins according to their roles in 
metabolic pathways. Color-coded bars represent the identified proteins 
and their relative amounts as assessed based on the log2-transformed 
LFQ intensity values per sequence type (ST5/ST1) or per isolation site 
(BI/GI) as exported from MaxQuant. Significant differences in the log2-
transformed LFQ intensities per sequence type (ST5/ST1) or isolation site 
(BI/GI) were assessed by multiple t-tests and subsequent Holm-Sidak, 
Bonferroni-Dunn and Sidak-Bonferroni corrections to adjust the P-values. 
(C and D) Voronoi treemap representation of S. aureus cellular protein 
levels grouped by regulons. Each protein is represented by a polygon-
shaped tile and its relative amount was assessed based on the log2-
transformed LFQ intensity values per sequence type (ST5/ST1) (C), or per 
isolation site (BI/GI) (D) as exported from MaxQuant. Significant differences 
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in the log2-transformed LFQ intensities per sequence type (ST5/ST1) or 
per isolation site (BI/GI) were assessed by multiple t-tests and subsequent 
Holm-Sidak, Bonferroni-Dunn and Sidak-Bonferroni corrections to adjust 
the P-values. No significant differences were detected.

Additional file 7. Figure S7: Flow cytometry strategies used for infec‑
tion experiments with cultured Caco2 cells and leukocytes from healthy 
volunteers. The gating tree was set as follows: FSC-A/SSC-A to represent 
the distribution of cells in the light scatter based on size and intracellular 
composition, respectively, to exclude debris; SSC-H/SSC-A to exclude 
events that could represent more than one cell; SSC-A/FITC-A to select 
the infected cell population containing GFP-expressing bacteria. (A) unin‑
fected Caco-2 cells. (B) Caco-2 cells infected with GFP-expressing S. aureus. 
(C) Uninfected leukocytes. (D) Leukocytes infected with GFP-expressing 
S. aureus.

Additional file 8. 

Additional file 9. 

Acknowledgements
We thank Klaas Nico Faber, Raphael Fagundes Rosa, and Tjasso Blokzijl for 
stimulating discussions and for help in establishing the Caco2 cell infection 
experiments. We thank Wayel Abdulahad and Peter Heeringa for stimulating 
discussions and for the help in establishing the leukocyte infection experi‑
ments. We thank Xin Zhao for stimulating discussions and for the help in the 
MS data analysis.

Authors’ contributions
EJMR, SM, SG-C, NC, and JMvD conceived and designed the experiments. 
EJMR, SM, MW, SB, LMPM, NSE, DA, ER, AdJ, EVM, SG-C, and NC performed the 
experiments and analyzed the data. EJF, AWF, DB, and JMvD contributed to the 
reagents and resources. GB, DB, NC, and JMvD supervised the project. EJMR 
and JMvD wrote the manuscript. The authors have read and approved the 
manuscript.

Funding
E.J.M.R. received funding from the CEC MSCI-ITN grant 713482 (ALERT). M.W. 
was supported by the China Scholarship Council (grant 201708110184). Part 
of this work was performed at the UMCG Imaging and Microscopy Center 
(UMIC), which is sponsored by grants from The Netherlands Organization for 
Scientific Research (175.010.2009–023, Zeiss LSM7/780 confocal and ZonMW 
91111.006, Zeiss Supra55 ATLAS). This work was partially supported by the 
INTERREG VA (202085) funded project EurHealth-1Health, part of a Dutch-
German cross-border network supported by the European Commission, the 
Dutch Ministry of Health, Welfare and Sports (VWS), the Ministry of Economy, 
Innovation, Digitalisation and Energy of the German Federal State of North 
Rhine-Westphalia and the German Federal State of Lower Saxony.

Availability of data and materials
All genome sequences have been submitted to GenBank (submission ID 
SUB11497709) and are available under the accession number BioProject: 
PRJNA83958. All MS data have been deposited to the ProteomeXchange 
Consortium via the PRIDE partner repository (Vizcaíno, et al. 2016) with the 
dataset identifier PXD030971.

Declarations

Ethics approval and consent to participate
Approval to select S. aureus isolates from the UMCG collection of bacteremia 
isolates was obtained from the Medical Ethics Review Board of the UMCG 
(METc number 2018/396, UMCG RR number 201800460). Blood donations 
from healthy volunteers were collected with approval from the Medical Ethics 
Review Board of the UMCG (METc number 2016/621) after written informed 
consent. The study was done with adherence to the guidelines of the 
Declaration of Helsinki and local regulations, and all patient data were treated 
pseudo-anonymously.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Medical Microbiology, University of Groningen, University 
Medical Center Groningen, Groningen, The Netherlands. 2 Department 
of Microbial Proteomics, Institute of Microbiology, University of Greifswald, 
Greifswald, Germany. 3 Present address: Department of Medicine Huddinge, 
Present Address: Center for Infectious Medicine, Karolinska Institute, Hud‑
dinge, Sweden. 4 Present address: Division of Nephrology, Department of Inter‑
nal Medicine, University of Groningen, University Medical Center Groningen, 
Groningen, The Netherlands. 5 Department of Molecular Genetics, Groningen 
Biomolecular Sciences and Biotechnology Institute, University of Groningen, 
Groningen, The Netherlands. 6  Department of Biology and Biochemistry, The 
Milner Centre for Evolution, University of Bath, Bath, UK. 7 Present address: Ref‑
erence and Research Laboratory On Antimicrobial Resistance and Healthcare 
Associated Infections, Centro Nacional de Microbiología, Instituto de Salud 
Carlos III (ISCIII), Madrid, Spain. 

Received: 13 September 2022   Accepted: 9 November 2022

References
	1.	 Abudahab K, Prada JM, Yang Z, Bentley SD, Croucher NJ, Corander J, et al. 

PANINI: Pangenome Neighbour Identification for Bacterial Populations. 
Microb Genom. 2019;5(4):e000220. https://​doi.​org/​10.​1099/​mgen.0.​
000220. Epub 2018 Nov 22.

	2.	 Acton, D. S., M. J. Tempelmans Plat-Sinnige, W. van Wamel, N. de Groot, 
and A. van Belkum. 2009. Intestinal carriage of Staphylococcus aureus: 
how does its frequency compare with that of nasal carriage and what is 
its clinical impact? Eur J Clin Microbiol Infect Dis 28 (2). https://​doi.​org/​10.​
1007/​s10096-​008-​0602-7.

	3.	 Ammerlaan HSM, Kluytmans JAJW, Wertheim HFL, Nouwen JL, Bonten 
MJM. Eradication of methicillin-resistant Staphylococcus aureus carriage: 
a systematic review. Clin Infect Dis. 2009;48(7):922–30. https://​doi.​org/​10.​
1086/​597291.

	4.	 Argimón, Silvia, Khalil Abudahab, Richard J. E. Goater, Artemij Fedosejev, 
Jyothish Bhai, Corinna Glasner, Edward J. Feil, et al. 2016. Microreact: visu‑
alizing and sharing data for genomic epidemiology and phylogeography. 
Microb Genom. 2 (11). https://​doi.​org/​10.​1099/​mgen.0.​000093.

	5.	 Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards RA, Formsma K, 
et al. The RAST server: rapid annotations using subsystems technology. 
BMC Genomics. 2008;9(1):75. https://​doi.​org/​10.​1186/​1471-​2164-9-​75.

	6.	 Balasubramanian, Divya, Lamia Harper, Bo Shopsin, and Victor J. Torres. 
2017. Staphylococcus aureus pathogenesis in diverse host environments. 
Pathog Dis. 75 (1). https://​doi.​org/​10.​1093/​femspd/​ftx005.

	7.	 Becher D, Hempel K, Sievers S, Zühlke D, Pané-Farré J, Otto A, Fuchs S, 
et al. A proteomic view of an important human pathogen – towards the 
quantification of the entire Staphylococcus aureus proteome Edited by 
Michael Otto. PLoS One. 2009;4(12): e8176. https://​doi.​org/​10.​1371/​journ​
al.​pone.​00081​76.

	8.	 Belkum van A. Hidden Staphylococcus aureus carriage: overrated or 
underappreciated? MBio. 2016;7(1): e00079–16. https://​doi.​org/​10.​1128/​
mBio.​00079-​16.

	9.	 Bonn F, Bartel J, Büttner K, Hecker M, Otto A, Becher D. Picking vanished 
proteins from the void: how to collect and ship/share extremely dilute 
proteins in a reproducible and highly efficient manner. Anal Chem. 
2014;86(15):7421–7. https://​doi.​org/​10.​1021/​ac501​189j.

	10.	 Brown AF, Leech JM, Rogers TR and McLoughlin RM. Staphylococcus 
aureus colonization: modulation of host immune response and impact 
on human vaccine design. Front Immunol. 2014;4. https://​doi.​org/​10.​
3389/​fimmu.​2013.​00507

	11.	 Brynildsrud O, Bohlin J, Scheffer L, Eldholm V. Rapid scoring of genes in 
microbial pan-genome-wide association studies with scoary. Genome 
Biol. 2016;17(1):238. https://​doi.​org/​10.​1186/​s13059-​016-​1108-8.

	12.	 Chambers HF, DeLeo FR. Waves of resistance: Staphylococcus aureus in 
the antibiotic era. Nat Rev Microbiol. 2009;7(9):629–41. https://​doi.​org/​10.​
1038/​nrmic​ro2200.

https://doi.org/10.1099/mgen.0.000220
https://doi.org/10.1099/mgen.0.000220
https://doi.org/10.1007/s10096-008-0602-7
https://doi.org/10.1007/s10096-008-0602-7
https://doi.org/10.1086/597291
https://doi.org/10.1086/597291
https://doi.org/10.1099/mgen.0.000093
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1093/femspd/ftx005
https://doi.org/10.1371/journal.pone.0008176
https://doi.org/10.1371/journal.pone.0008176
https://doi.org/10.1128/mBio.00079-16
https://doi.org/10.1128/mBio.00079-16
https://doi.org/10.1021/ac501189j
https://doi.org/10.3389/fimmu.2013.00507
https://doi.org/10.3389/fimmu.2013.00507
https://doi.org/10.1186/s13059-016-1108-8
https://doi.org/10.1038/nrmicro2200
https://doi.org/10.1038/nrmicro2200


Page 21 of 23Raineri et al. Microbiome          (2022) 10:239 	

	13.	 Cox J, Hein MY, Luber CA, Paron I, Nagaraj N, Mann M. Accurate 
proteome-wide label-free quantification by delayed normalization and 
maximal peptide ratio extraction, termed MaxLFQ. Molecular & Cellular 
Proteomics : MCP. 2014;13(9):2513–26. https://​doi.​org/​10.​1074/​mcp.​
M113.​031591.

	14.	 Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA, Bentley SD, 
Parkhill J, Harris SR. Rapid phylogenetic analysis of large samples of 
recombinant bacterial whole genome sequences using gubbins. Nucleic 
Acids Res. 2015;43(3):e15–e15. https://​doi.​org/​10.​1093/​nar/​gku11​96.

	15.	 Feil EJ, Cooper JE, Grundmann H, Robinson DA, Enright MC, Ber‑
endt T, et al. How clonal is Staphylococcus aureus? J Bacteriol. 
2003;185(11):3307–16. https://​doi.​org/​10.​1128/​JB.​185.​11.​3307-​3316.​2003.

	16.	 Fuchs S, Mehlan H, Bernhardt J, Hennig A, Michalik S, Surmann K, 
Pané-Farré J, et al. Aureo Wiki ̵ the repository of the Staphylococcus 
aureus research and annotation community. Int J Med Microbiol. 
2018;308(6):558–68. https://​doi.​org/​10.​1016/j.​ijmm.​2017.​11.​011.

	17.	 Fuchs S, Pané-Farré J, Kohler C, Hecker M, Engelmann S. Anaerobic gene 
expression in Staphylococcus aureus. J Bacteriol. 2007;189(11):4275–89. 
https://​doi.​org/​10.​1128/​JB.​00081-​07.

	18.	 Fukuda H, Sato D, Iwamoto T, Yamada K, Matsushita K. Healthcare 
resources attributable to methicillin-resistant Staphylococcus aureus 
orthopedic surgical site infections. Sci Rep. 2020;10(1):17059. https://​doi.​
org/​10.​1038/​s41598-​020-​74070-4.

	19.	 Eisenreich W, Heesemann J, Rudel T, Goebel W. Metabolic adaptations of 
intracellullar bacterial pathogens and their mammalian host cells during 
infection (‘Pathometabolism’). Microbiol Spectr. 2015;3(3). https://​doi.​org/​
10.​1128/​micro​biols​pec.​MBP-​0002-​2014.

	20.	 Gagnaire J, Botelho-Nevers E, Martin-Simoes P, Morel J, Zéni F, Maillard 
N, Mariat C, et al. Interplay of nasal and rectal carriage of Staphylococ‑
cus aureus in intensive care unit patients. Eur J Clin Microbiol Infect Dis. 
2019;38(10):1811–9. https://​doi.​org/​10.​1007/​s10096-​019-​03613-z.

	21.	 Gagnaire J, Verhoeven PO, Grattard F, Rigaill J, Lucht F, Pozzetto B, Berth‑
elot P, Botelho-Nevers E. Epidemiology and clinical relevance of Staphylo-
coccus aureus intestinal carriage: a systematic review and meta-analysis. 
Expert Rev Anti Infect Ther. 2017;15(8):767–85. https://​doi.​org/​10.​1080/​
14787​210.​2017.​13586​11.

	22.	 Götz F, Wenqi Yu, Dube L, Prax M, Ebner P. Excretion of cytosolic proteins 
(ECP) in bacteria. Int J Med Microbiol. 2015;305(2):230–7. https://​doi.​org/​
10.​1016/j.​ijmm.​2014.​12.​021.

	23.	 Grasso S, van Rij T, and van Dijl JM. GP4: an integrated gram-positive pro‑
tein prediction pipeline for subcellular localization mimicking bacterial 
sorting. Brief Bioinform. 2021;22(4):bbaa302. https://​doi.​org/​10.​1093/​bib/​
bbaa3​02.

	24.	 Haft DH, Selengut JD, Richter RA, Harkins D, Basu MK, Beck E. TIGRFAMs 
and genome properties in 2013. Nucleic Acids Res. 2013;41(D1):D387–95. 
https://​doi.​org/​10.​1093/​nar/​gks12​34.

	25.	 Halsey CR, Lei S, Wax JK, Lehman MK, Nuxoll AS, Steinke L, Sad‑
ykov M, Powers R, Fey PD. Amino acid catabolism in Staphylococ‑
cus aureus and the function of carbon catabolite repression. MBio. 
2017;8(1):e01434-e1516. https://​doi.​org/​10.​1128/​mBio.​01434-​16.

	26.	 Harris SR, Feil EJ, Holden MTG, Quail MA, Nickerson EK, Chantratita N, et al. 
Evolution of MRSA during hospital transmission and intercontinental 
spread. Science (New York, N.Y.). 2010;327(5964):469–74. https://​doi.​org/​
10.​1126/​scien​ce.​11823​95.

	27.	 Heberle H, Meirelles GV, da Silva FR, Telles GP, Minghim R. InteractiVenn: a 
web-based tool for the analysis of sets through Venn diagrams. BMC Bio‑
informatics. 2015;16(1):169. https://​doi.​org/​10.​1186/​s12859-​015-​0611-3.

	28.	 Hemmadi V, Biswas M. An overview of moonlighting proteins in Staphy‑
lococcus aureus infection. Arch Microbiol. 2021;203(2):481–98. https://​
doi.​org/​10.​1007/​s00203-​020-​02071-y.

	29.	 Hoekstra H, Pastrana FR, Bonarius HPJ, van Kessel KPM, Elsinga GS, Kooi 
N, Groen H, Maarten J, van Dijl, and Girbe Buist. A human monoclonal 
antibody that specifically binds and inhibits the Staphylococcal comple‑
ment inhibitor protein SCIN. Virulence. 2018;9(1):70–82. https://​doi.​org/​
10.​1080/​21505​594.​2017.​12942​97.

	30.	 Horn J, Stelzner K, Rudel T, Fraunholz M. Inside job: Staphylococcus 
aureus host-pathogen interactions. Int J Med Microbiol. 2018;308(6):607–
24. https://​doi.​org/​10.​1016/j.​ijmm.​2017.​11.​009.

	31.	 Horn, Jessica, Kathrin Stelzner, Thomas Rudel, and Martin Fraunholz. 2017. 
Inside job: STAPHYLOCOCCUS aureus host-pathogen interactions. Int J 
Med Microbiol November. https://​doi.​org/​10.​1016/j.​ijmm.​2017.​11.​009

	32.	 Jaillard M, Lima L, Tournoud M, Mahé P, van Belkum A, Lacroix V, Jacob L. A 
fast and agnostic method for bacterial genome-wide association studies: 
bridging the gap between k-mers and genetic events Edited by Xavier 
Didelot. PLOS Genetics. 2018;14(11):e1007758. https://​doi.​org/​10.​1371/​journ​
al.​pgen.​10077​58.

	33.	 Jenul C, Horswill AR. Regulation of Staphylococcus aureus virulence. 
Microbiology Spectrum. 2018;6(1):10.1128/microbiolspec.GPP3-0031–
2018. https://​doi.​org/​10.​1128/​micro​biols​pec.​GPP3-​0031-​2018.

	34.	 Kearney A, Kinnevey P, Shore A, Earls M, Poovelikunnel TT, Brennan G, 
Humphreys H, Coleman DC. The oral cavity revealed as a significant 
reservoir of Staphylococcus aureus in an acute hospital by extensive 
patient, healthcare worker and environmental sampling. J Hosp Infect. 
2020;105(3):389–96. https://​doi.​org/​10.​1016/j.​jhin.​2020.​03.​004.

	35.	 Krezalek MA, Hyoju S, Zaborin A, Okafor E, Chandrasekar L, Bindokas V, 
et al. Can methicillin-resistant Staphylococcus aureus silently travel from 
the gut to the wound and cause postoperative infection? Modeling the 
‘Trojan Horse Hypothesis’:” Ann Surg.  2018;267(4):749–58. https://​doi.​org/​
10.​1097/​SLA.​00000​00000​002173.

	36.	 Krismer B, Weidenmaier C, Zipperer A, Peschel A. The commensal lifestyle 
of Staphylococcus aureus and its interactions with the nasal microbiota. 
Nat Rev Microbiol. 2017;15(11):675–87. https://​doi.​org/​10.​1038/​nrmic​ro.​
2017.​104.

	37.	 Kubica M, Guzik K, Koziel J, Zarebski N, Richter W, Gajkowska B, et al. A 
potential new pathway for Staphylococcus aureus dissemination: the 
silent survival of S. aureus phagocytosed by human monocyte-derived 
macrophages. Edited by Robin May. PLoS One. 2008;3(1):e1409. https://​
doi.​org/​10.​1371/​journ​al.​pone.​00014​09.

	38.	 Laabei M, Recker M, Rudkin JK, Aldeljawi M, Gulay Z, Sloan TJ, Williams 
P, et al. Predicting the virulence of MRSA from its genome sequence. 
Genome Res. 2014;24(5):839–49. https://​doi.​org/​10.​1101/​gr.​165415.​113.

	39.	 Lakhundi S, Zhang K. Methicillin-resistant Staphylococcus aureus: 
molecular characterization, evolution, and epidemiology. Clin Microbiol 
Rev. 2018;31(4):e00020-e118. https://​doi.​org/​10.​1128/​CMR.​00020-​18.

	40.	 Lee AS, de Lencastre H, Garau J, Kluytmans J, Malhotra-Kumar S, Peschel 
A, Harbarth S. Methicillin-resistant Staphylococcus aureus. Nat Rev Dis 
Primers. 2018;4(1):18033. https://​doi.​org/​10.​1038/​nrdp.​2018.​33.

	41.	 Lees JA, Galardini M, Bentley SD, Weiser JN, Corander J. Pyseer: a compre‑
hensive tool for microbial pangenome-wide association studies Edited by 
Oliver Stegle. Bioinformatics. 2018;34(24):4310–2. https://​doi.​org/​10.​1093/​
bioin​forma​tics/​bty539.

	42.	 Lees JA, Harris SR, Tonkin-Hill G, Gladstone RA, Lo SW, Weiser JN, Corander 
J, Bentley SD, Croucher NJ. Fast and flexible bacterial genomic epidemiol‑
ogy with PopPUNK. Genome Res. 2019;29(2):304–16. https://​doi.​org/​10.​
1101/​gr.​241455.​118.

	43.	 Lees JA, Tien Mai T, Galardini M, Wheeler NE, Horsfield ST, Parkhill J, 
Corander J. Improved prediction of bacterial genotype-phenotype 
associations using interpretable pangenome-spanning regressions. MBio. 
2020;11(4):e01344-e1420. https://​doi.​org/​10.​1128/​mBio.​01344-​20.

	44.	 Leopold SR, Goering RV, Witten A, Harmsen D, Mellmann A. Bacterial 
whole-genome sequencing revisited: portable, scalable, and standard‑
ized analysis for typing and detection of virulence and antibiotic resist‑
ance genes. J Clin Microbiol. 2014;52(7):2365–70. https://​doi.​org/​10.​1128/​
JCM.​00262-​14.

	45.	 Liebermeister W, Noor E, Flamholz A, Davidi D, Bernhardt J, Milo R. Visual 
account of protein investment in cellular functions. Proc Natl Acad Sci. 
2014;111(23):8488–93. https://​doi.​org/​10.​1073/​pnas.​13148​10111.

	46.	 Lindsay JA, Moore CE, Day NP, Peacock SJ, Witney AA, Stabler RA, Husain 
SE, Butcher PD, Hinds J. Microarrays reveal that each of the ten dominant 
lineages of Staphylococcus aureus has a unique combination of surface-
associated and regulatory genes. J Bacteriol. 2006;188(2):669–76. https://​
doi.​org/​10.​1128/​JB.​188.2.​669-​676.​2006.

	47.	 Liu CM, Price LB, Hungate BA, Abraham AG, Larsen LA, Christensen K, 
Stegger M, Skov R, Andersen PS. Staphylococcus aureus and the ecology 
of the nasal microbiome. Sci Adv. 2015;1(5):e1400216. https://​doi.​org/​10.​
1126/​sciadv.​14002​16.

	48.	 Mäder U, Nicolas P, Depke M, Pané-Farré J, Debarbouille M, van der 
Kooi-Pol MM, et al. Staphylococcus aureus transcriptome architecture: 
from laboratory to infection-mimicking conditions. PLOS Genet‑
ics. 2016;12(4):e1005962. https://​doi.​org/​10.​1371/​journ​al.​pgen.​10059​62.

	49.	 McCormack MG, Smith AJ, Akram AN, Jackson M, Robertson D, Edwards 
G. Staphylococcus aureus and the oral cavity: an overlooked source of 

https://doi.org/10.1074/mcp.M113.031591
https://doi.org/10.1074/mcp.M113.031591
https://doi.org/10.1093/nar/gku1196
https://doi.org/10.1128/JB.185.11.3307-3316.2003
https://doi.org/10.1016/j.ijmm.2017.11.011
https://doi.org/10.1128/JB.00081-07
https://doi.org/10.1038/s41598-020-74070-4
https://doi.org/10.1038/s41598-020-74070-4
https://doi.org/10.1128/microbiolspec.MBP-0002-2014
https://doi.org/10.1128/microbiolspec.MBP-0002-2014
https://doi.org/10.1007/s10096-019-03613-z
https://doi.org/10.1080/14787210.2017.1358611
https://doi.org/10.1080/14787210.2017.1358611
https://doi.org/10.1016/j.ijmm.2014.12.021
https://doi.org/10.1016/j.ijmm.2014.12.021
https://doi.org/10.1093/bib/bbaa302
https://doi.org/10.1093/bib/bbaa302
https://doi.org/10.1093/nar/gks1234
https://doi.org/10.1128/mBio.01434-16
https://doi.org/10.1126/science.1182395
https://doi.org/10.1126/science.1182395
https://doi.org/10.1186/s12859-015-0611-3
https://doi.org/10.1007/s00203-020-02071-y
https://doi.org/10.1007/s00203-020-02071-y
https://doi.org/10.1080/21505594.2017.1294297
https://doi.org/10.1080/21505594.2017.1294297
https://doi.org/10.1016/j.ijmm.2017.11.009
https://doi.org/10.1016/j.ijmm.2017.11.009
https://doi.org/10.1371/journal.pgen.1007758
https://doi.org/10.1371/journal.pgen.1007758
https://doi.org/10.1128/microbiolspec.GPP3-0031-2018
https://doi.org/10.1016/j.jhin.2020.03.004
https://doi.org/10.1097/SLA.0000000000002173
https://doi.org/10.1097/SLA.0000000000002173
https://doi.org/10.1038/nrmicro.2017.104
https://doi.org/10.1038/nrmicro.2017.104
https://doi.org/10.1371/journal.pone.0001409
https://doi.org/10.1371/journal.pone.0001409
https://doi.org/10.1101/gr.165415.113
https://doi.org/10.1128/CMR.00020-18
https://doi.org/10.1038/nrdp.2018.33
https://doi.org/10.1093/bioinformatics/bty539
https://doi.org/10.1093/bioinformatics/bty539
https://doi.org/10.1101/gr.241455.118
https://doi.org/10.1101/gr.241455.118
https://doi.org/10.1128/mBio.01344-20
https://doi.org/10.1128/JCM.00262-14
https://doi.org/10.1128/JCM.00262-14
https://doi.org/10.1073/pnas.1314810111
https://doi.org/10.1128/JB.188.2.669-676.2006
https://doi.org/10.1128/JB.188.2.669-676.2006
https://doi.org/10.1126/sciadv.1400216
https://doi.org/10.1126/sciadv.1400216
https://doi.org/10.1371/journal.pgen.1005962


Page 22 of 23Raineri et al. Microbiome          (2022) 10:239 

carriage and infection? Am J Infect Control. 2015;43(1):35–7. https://​doi.​
org/​10.​1016/j.​ajic.​2014.​09.​015.

	50.	 Mekonnen SA, Palma LM, Medina CG, Tsompanidou E, de Jong A, Grasso 
S, Schaffer M, et al. Signatures of cytoplasmic proteins in the exopro‑
teome distinguish community- and hospital-associated methicillin-resist‑
ant Staphylococcus aureus USA300 lineages. Virulence. 2017;8(6):891–907. 
https://​doi.​org/​10.​1080/​21505​594.​2017.​13250​64.

	51.	 Mekonnen SA, Palma Medina LM, Michalik S, Loreti MG, Gesell Salazar 
M, van Dijl JM, et al. Metabolic niche adaptation of community- and 
hospital-associated methicillin-resistant Staphylococcus aureus. J Prot‑
eomics. 2018. https://​doi.​org/​10.​1016/j.​jprot.​2018.​10.​005

	52.	 Messina JA, Thaden JT, Sharma-Kuinkel BK, Fowler Jr VG. Impact of bacte‑
rial and human genetic variation on Staphylococcus aureus infections. 
PLoS Pathog. 2016;12(1):e1005330. https://​doi.​org/​10.​1371/​journ​al.​ppat.​
10053​30.

	53.	 Metsalu T, Vilo J. ClustVis: a web tool for visualizing clustering of multivari‑
ate data using principal component analysis and heatmap. Nucleic Acids 
Res. 2015;43(W1):W566–70. https://​doi.​org/​10.​1093/​nar/​gkv468.

	54.	 Mulcahy ME, McLoughlin RM. Host–bacterial crosstalk determines Staph‑
ylococcus aureus nasal colonization. Trends Microbiol. 2016;24(11):872–
86. https://​doi.​org/​10.​1016/j.​tim.​2016.​06.​012.

	55.	 Nagel A, Michalik S, Debarbouille M, Hertlein T, Salazar MG, Rath H, 
Msadek T, et al. Inhibition of rho activity increases expression of SaeRS-
dependent virulence factor genes in Staphylococcus aureus, showing a 
link between transcription termination, antibiotic action, and virulence. 
MBio. 2018;9(5):e01332-e1418. https://​doi.​org/​10.​1128/​mBio.​01332-​18.

	56.	 Novichkov, Pavel S., Alexey E. Kazakov, Dmitry A. Ravcheev, Semen A. 
Leyn, Galina Y. Kovaleva, Roman A. Sutormin, Marat D. Kazanov, et al. 
2013. RegPrecise 3.0 – a resource for genome-scale exploration of tran‑
scriptional regulation in bacteria. BMC Genomics 14 (1): 1–12. https://​doi.​
org/​10.​1186/​1471-​2164-​14-​745.

	57.	 Otto A, van Dijl JM, Hecker M, Becher D. The Staphylococcus aureus pro‑
teome. Int J Med Microbiol. 2014;304(2):110–20. https://​doi.​org/​10.​1016/j.​
ijmm.​2013.​11.​007.

	58.	 Otto M. Staphylococcus colonization of the skin and antimicrobial pep‑
tides. Expert Rev Dermatol. 2010;5(2):183–95. https://​doi.​org/​10.​1586/​
edm.​10.6.

	59.	 Overbeek R. The subsystems approach to genome annotation and 
its use in the project to annotate 1000 genomes. Nucleic Acids Res. 
2005;33(17):5691–702. https://​doi.​org/​10.​1093/​nar/​gki866.

	60.	 Page AJ, Cummins CA, Hunt M, Wong VK, Reuter S, Holden MTG, Fookes 
M, Falush D, Keane JA, Parkhill J. Roary: rapid large-scale prokaryote pan 
genome analysis. Bioinformatics. 2015;31(22):3691–3. https://​doi.​org/​10.​
1093/​bioin​forma​tics/​btv421.

	61.	 Page AJ, Taylor B, Delaney AJ, Soares J, Seemann T, Keane JA, et al. SNP-
sites: rapid efficient extraction of SNPs from multi-FASTA alignments. 
Microb Genom. 2016;2(4):e000056. https://​doi.​org/​10.​1099/​mgen.0.​
000056. eCollection 2016 Apr.

	62.	 Palma Medina LM, Becker AK, Michalik S, Surmann K, Hildebrandt P, Gesell 
Salazar M, et al. Interaction of Staphylococcus aureus and host cells upon 
infection of bronchial epithelium during different stages of regeneration. 
ACS Infect Dis. 2020:acsinfecdis.0c00403. https://​doi.​org/​10.​1021/​acsin​
fecdis.​0c004​03.

	63.	 Palma Medina LM, Becker A-K, Michalik S, Yedavally H, Raineri EJM, 
Hildebrandt P, Salazar MG, et al. Metabolic cross-talk between human 
bronchial epithelial cells and internalized Staphylococcus aureus as a 
driver for infection. Mol Cell Proteomics. 2019;18(5):892–908. https://​doi.​
org/​10.​1074/​mcp.​RA118.​001138.

	64.	 Peyrusson F, Varet H, Nguyen TK, Legendre R, Sismeiro O, Coppée J-Y, Wolz 
C, Tenson T, Van Bambeke F. Intracellular Staphylococcus aureus persisters 
upon antibiotic exposure. Nat Commun. 2020;11(1):2200. https://​doi.​org/​
10.​1038/​s41467-​020-​15966-7.

	65.	 Price JR, Yokoyama M, Cole K, Sweetman J, Behar L, Stoneham S, Cantillon 
D, et al. Undetected carriage explains apparent Staphylococcus aureus 
acquisition in a non-outbreak healthcare setting. J Infect. 2021;83(3):332–
8. https://​doi.​org/​10.​1016/j.​jinf.​2021.​07.​016.

	66.	 Price MN, Dehal PS, Arkin AP. FastTree 2 – approximately maximum-
likelihood trees for large alignments. Edited by Art F. Y. Poon. PLoS 
One. 2010;5(3):e9490. https://​doi.​org/​10.​1371/​journ​al.​pone.​00094​90.

	67.	 Raineri EJM, Altulea D, van Dijl JM. Staphylococcal traffick‑
ing and infection—from ‘nose to gut’ and back. FEMS Microbiol 
Rev. 2021:fuab041. https://​doi.​org/​10.​1093/​femsre/​fuab0​41.

	68.	 Raineri EJM, Yedavally H, Salvati A, Maarten J, van Dijl. Time-resolved 
analysis of Staphylococcus aureus invading the endothelial barrier. Viru‑
lence. 2020;11(1):1623–39. https://​doi.​org/​10.​1080/​21505​594.​2020.​18444​
18.

	69.	 Sabat, A J, A Budimir, D Nashev, R Sá-Leão, J M van Dijl, F Laurent, H 
Grundmann, A W Friedrich, and on behalf of the ESCMID Study Group. 
2013. Overview of molecular typing methods for outbreak detection and 
epidemiological surveillance. Eurosurveillance 18 (4). https://​doi.​org/​10.​
2807/​ese.​18.​04.​20380-​en.

	70.	 Sakr A, Brégeon F, Mège J-L, Rolain J-M, Blin O. Staphylococcus aureus 
nasal colonization: an update on mechanisms, epidemiology, risk factors, 
and subsequent infections. Front Microbiol. 2018;9:2419–2419. https://​
doi.​org/​10.​3389/​fmicb.​2018.​02419.

	71.	 Senn L, Clerc O, Zanetti G, Basset P, Prod’hom G, Gordon NC, et al. The 
stealthy superbug: the role of asymptomatic enteric carriage in maintain‑
ing a long-term hospital outbreak of st228 methicillin-resistant Staphylo‑
coccus aureus. MBio. 2016;7(1):e02039–15. https://​doi.​org/​10.​1128/​mBio.​
02039-​15.

	72.	 Sibbald MJJB, Ziebandt AK, Engelmann S, Hecker M, de Jong A, Harm‑
sen HJM, Raangs GC, et al. Mapping the pathways to Staphylococcal 
pathogenesis by comparative secretomics. Microbiol Mol Biol Rev. 
2006;70(3):755–88. https://​doi.​org/​10.​1128/​MMBR.​00008-​06.

	73.	 Sinha B, Fraunholz M. Staphylococcus aureus host cell invasion and post-
invasion events. Int J Med Microbiol. 2010;300(2–3):170–5. https://​doi.​
org/​10.​1016/j.​ijmm.​2009.​08.​019.

	74.	 Somerville GA, Proctor RA. At the crossroads of bacterial metabolism 
and virulence factor synthesis in Staphylococci. Microbiol Mol Biol Rev. 
2009;73(2):233–48. https://​doi.​org/​10.​1128/​MMBR.​00005-​09.

	75.	 Stolk RP, Rosmalen JGM, Postma DS, de Boer RA, Navis G, Slaets JPJ, Ormel 
J, Wolffenbuttel BHR. Universal risk factors for multifactorial diseases: 
lifelines: a three-generation population-based study. Eur J Epidemiol. 
2008;23(1):67–74. https://​doi.​org/​10.​1007/​s10654-​007-​9204-4.

	76.	 Strobel, M., H. Pförtner, L. Tuchscherr, U. Völker, F. Schmidt, N. Kramko, H.-J. 
Schnittler, et al. 2016. Post-invasion events after infection with Staphylo‑
coccus aureus are strongly dependent on both the host cell type and the 
infecting S. aureus strain. Clin Microbiol Infect 22 (9): 799–809. https://​doi.​
org/​10.​1016/j.​cmi.​2016.​06.​020.

	77.	 Thammavongsa V, Kim HK, Missiakas D, Schneewind O. Staphylo‑
coccal manipulation of host immune responses. Nat Rev Microbiol. 
2015;13(9):529–43. https://​doi.​org/​10.​1038/​nrmic​ro3521.

	78.	 The UniProt Consortium, Bateman A, Martin M-J, Orchard S, Magrane M, 
Agivetova R, Ahmad S, et al. UniProt: the universal protein knowledge‑
base in 2021. Nucleic Acids Res. 2021;49(D1):D480–9. https://​doi.​org/​10.​
1093/​nar/​gkaa1​100.

	79.	 Thorpe HA, Bayliss SC, Sheppard SK, Feil EJ. Piggy: a rapid, large-scale 
pan-genome analysis tool for intergenic regions in bacteria. GigaS‑
cience. 2018;7(4). https://​doi.​org/​10.​1093/​gigas​cience/​giy015.

	80.	 Thwaites GE, Gant V. Are bloodstream leukocytes trojan horses for the 
metastasis of Staphylococcus aureus? Nat Rev Microbiol. 2011;9(3):215–
22. https://​doi.​org/​10.​1038/​nrmic​ro2508.

	81.	 Tong SYC, Davis JS, Eichenberger E, Holland TL, Fowler VG. Staphylococ‑
cus aureus infections: epidemiology, pathophysiology, clinical manifesta‑
tions, and management. Clin Microbiol Rev. 2015;28(3):603–61. https://​
doi.​org/​10.​1128/​CMR.​00134-​14.

	82.	 Turner NA, Sharma-Kuinkel BK, Maskarinec SA, Eichenberger EM, Shah 
PP, Carugati M, Holland TL, Fowler VG. Methicillin-resistant Staphylococ‑
cus aureus: an overview of basic and clinical research. Nat Rev Microbiol. 
2019;17(4):203–18. https://​doi.​org/​10.​1038/​s41579-​018-​0147-4.

	83.	 Tyanova S, Temu T, Cox J. The MaxQuant computational platform for mass 
spectrometry-based shotgun proteomics. Nat Protoc. 2016;11(12):2301–
19. https://​doi.​org/​10.​1038/​nprot.​2016.​136.

	84.	 Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, Mann M, Cox 
J. The perseus computational platform for comprehensive analysis of 
(Prote)omics data. Nat Methods. 2016;13(9):731–40. https://​doi.​org/​10.​
1038/​nmeth.​3901.

	85.	 Wertheim HFL, Melles DC, Vos MC, van Leeuwen W, van Belkum A, 
Verbrugh HA, Nouwen JL. The role of nasal carriage in Staphylococcus 

https://doi.org/10.1016/j.ajic.2014.09.015
https://doi.org/10.1016/j.ajic.2014.09.015
https://doi.org/10.1080/21505594.2017.1325064
https://doi.org/10.1016/j.jprot.2018.10.005
https://doi.org/10.1371/journal.ppat.1005330
https://doi.org/10.1371/journal.ppat.1005330
https://doi.org/10.1093/nar/gkv468
https://doi.org/10.1016/j.tim.2016.06.012
https://doi.org/10.1128/mBio.01332-18
https://doi.org/10.1186/1471-2164-14-745
https://doi.org/10.1186/1471-2164-14-745
https://doi.org/10.1016/j.ijmm.2013.11.007
https://doi.org/10.1016/j.ijmm.2013.11.007
https://doi.org/10.1586/edm.10.6
https://doi.org/10.1586/edm.10.6
https://doi.org/10.1093/nar/gki866
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1099/mgen.0.000056
https://doi.org/10.1099/mgen.0.000056
https://doi.org/10.1021/acsinfecdis.0c00403
https://doi.org/10.1021/acsinfecdis.0c00403
https://doi.org/10.1074/mcp.RA118.001138
https://doi.org/10.1074/mcp.RA118.001138
https://doi.org/10.1038/s41467-020-15966-7
https://doi.org/10.1038/s41467-020-15966-7
https://doi.org/10.1016/j.jinf.2021.07.016
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1093/femsre/fuab041
https://doi.org/10.1080/21505594.2020.1844418
https://doi.org/10.1080/21505594.2020.1844418
https://doi.org/10.2807/ese.18.04.20380-en
https://doi.org/10.2807/ese.18.04.20380-en
https://doi.org/10.3389/fmicb.2018.02419
https://doi.org/10.3389/fmicb.2018.02419
https://doi.org/10.1128/mBio.02039-15
https://doi.org/10.1128/mBio.02039-15
https://doi.org/10.1128/MMBR.00008-06
https://doi.org/10.1016/j.ijmm.2009.08.019
https://doi.org/10.1016/j.ijmm.2009.08.019
https://doi.org/10.1128/MMBR.00005-09
https://doi.org/10.1007/s10654-007-9204-4
https://doi.org/10.1016/j.cmi.2016.06.020
https://doi.org/10.1016/j.cmi.2016.06.020
https://doi.org/10.1038/nrmicro3521
https://doi.org/10.1093/nar/gkaa1100
https://doi.org/10.1093/nar/gkaa1100
https://doi.org/10.1093/gigascience/giy015
https://doi.org/10.1038/nrmicro2508
https://doi.org/10.1128/CMR.00134-14
https://doi.org/10.1128/CMR.00134-14
https://doi.org/10.1038/s41579-018-0147-4
https://doi.org/10.1038/nprot.2016.136
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1038/nmeth.3901


Page 23 of 23Raineri et al. Microbiome          (2022) 10:239 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

aureus infections. Lancet Infect Dis. 2005;5(12):751–62. https://​doi.​org/​10.​
1016/​S1473-​3099(05)​70295-4.

	86.	 Wick, Ryan R., Louise M. Judd, Claire L. Gorrie, and Kathryn E. Holt. 2017. 
Unicycler: resolving bacterial genome assemblies from short and long 
sequencing reads. Edited by Adam M. Phillippy. PLOS Comput Biol 13 (6): 
e1005595. https://​doi.​org/​10.​1371/​journ​al.​pcbi.​10055​95.

	87.	 Young BC, Earle SG, Soeng S, Sar P, Kumar V, Hor S, Sar V, et al. Panton–
valentine leucocidin is the key determinant of Staphylococcus aureus 
pyomyositis in a bacterial GWAS. ELife. 2019;8:e42486. https://​doi.​org/​10.​
7554/​eLife.​42486.

	88.	 Zhao X, Chlebowicz-Flissikowska MA, Wang M, Murguia EV, de Jong A, 
Becher D, Maaß S, Buist G, Maarten J, van Dijl. Exoproteomic profiling 
uncovers critical determinants for virulence of livestock-associated 
and human-originated Staphylococcus aureus ST398 strains. Virulence. 
2020;11(1):947–63. https://​doi.​org/​10.​1080/​21505​594.​2020.​17935​25.

	89.	 Zhao X, Palma LM, Medina TS, Glasner C, de Jong A, Utari P, Setroikromo 
R, et al. Exoproteome heterogeneity among closely related Staphylococ-
cus aureus T437 isolates and possible implications for virulence. J Pro‑
teome Res. 2019;18(7):2859–74. https://​doi.​org/​10.​1021/​acs.​jprot​eome.​
9b001​79.

	90.	 Zhu H, Jin H, Zhang C, Yuan T. Intestinal methicillin-resistant Staphylo-
coccus aureus causes prosthetic infection via ‘trojan horse’ mechanism: 
evidence from a rat model. Bone & Joint Research. 2020;9(4):152–61. 
https://​doi.​org/​10.​1302/​2046-​3758.​94.​BJR-​2019-​0205.​R1.

	91.	 Ziebandt A-K, Kusch H, Degner M, Jaglitz S, Sibbald MJJB, Arends JP, 
Chlebowicz MA, et al. Proteomics uncovers extreme heterogeneity in 
the Staphylococcus aureus exoproteome due to genomic plasticity and 
variant gene regulation. Proteomics. 2010;10(8):1634–44. https://​doi.​org/​
10.​1002/​pmic.​20090​0313.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1016/S1473-3099(05)70295-4
https://doi.org/10.1016/S1473-3099(05)70295-4
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.7554/eLife.42486
https://doi.org/10.7554/eLife.42486
https://doi.org/10.1080/21505594.2020.1793525
https://doi.org/10.1021/acs.jproteome.9b00179
https://doi.org/10.1021/acs.jproteome.9b00179
https://doi.org/10.1302/2046-3758.94.BJR-2019-0205.R1
https://doi.org/10.1002/pmic.200900313
https://doi.org/10.1002/pmic.200900313

	Staphylococcus aureus populations from the gut and the blood are not distinguished by virulence traits—a critical role of host barrier integrity
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Sample collection and whole-genome sequencing
	Bioinformatics for genome analysis
	Bacterial cultivation
	Sample preparation for MSMS analysis of proteome samples
	MSMS analysis of proteome samples
	MS data analysis
	Prediction of protein localization, biological processes, and molecular functions
	Statistical analyses
	Caco2 infection experiments and flow cytometry
	Fluorescence microscopy of infected Caco2 cells
	Blood cell infection experiments and flow cytometry
	Assessment of S. aureus virulence in a Galleria mellonella larval infection model


	Results
	Strain characterization by whole-genome sequencing, pangenome, phylogenetic reconstruction, and GWAS
	Extracellular proteome analyses
	Cellular proteome analyses
	Infection of Caco2 gut epithelial cells
	Leukocyte killing and intracellular survival
	Infection of Galleria mellonella larvae

	Discussion
	Conclusions
	Acknowledgements
	References


